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A human being is a part of the whole called by us Universe, a part limited in time and space. He 
experiences himself, his thoughts and feelings as something separated from the rest, a kind of optical 
delusion of his consciousness. This delusion is a kind of prison for us, restricting us to our personal 
desires and to affection for a few persons nearest to us. Our task must be to free ourselves from this 
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Biodiversity is declining worldwide, and one of its main causes is the expansion and intensification of 
agriculture. This process has been studied mainly for vertebrates and a few invertebrate groups, but 
information is missing for most insects despite their deep relationship with agriculture. This is partly 
due to difficulties in species identification, which requires taxonomic expertise and is costly and time 
consuming, especially for highly diverse insect communities. In traditional species identification, 
external or internal morphological characters are used to distinguish between different biological 
entities, one specimen at a time. Moreover, for many insect species only adult males (or females) can 
be reliably identified, and identification of larval stages or specimens in poor condition is often not 
possible. Recently, the development of next generation sequencing (NGS) of DNA is revolutionizing 
the ability to study highly diverse biological communities, by providing a relatively simple and 
inexpensive method for species identification. However, this approach remains little used in biodiversity 
assessment and monitoring, particularly in the case of nocturnal insects. Here we develop and test a 
workflow based on DNA metabarcoding for understanding how agricultural land uses affect the 
diversity and composition of nocturnal insect communities. Samples were collected in a complex mosaic 
landscape in NE Portugal in July (70 sites) and September (78) 2017 using UV light traps, covering four 
habitats with decreasing level of human management and increasing vegetation cover: vineyards, olive 
groves, cork oak woodland and riparian zones. Each site yielded a bulk sample of insects, which was 
processed using standard molecular and bioinformatics pipelines to produce a list of taxa identified at 
the lowest possible taxonomic level. Molecular procedures involved the testing of four metabarcoding 
primers, one of which produced the best results and was used in subsequent metabarcoding 
amplification. Validation of the method involving 12 samples revealed a close matching, albeit not 
perfect, between the species of moth (Lepidoptera) visually identified by a taxonomist and those 
recovered through metabarcoding. Metabarcoding of the bulk samples retrieved 1130 taxa, most of 
which were Lepidoptera (429 OTUs), Diptera (244) and Coleoptera (166). Despite this large number of 
taxa, accumulation curves revealed that sampling effort was still insufficient to capture the entire 
diversity within each habitat. There was significant variation in richness among habitats and between 
seasons, with vineyards showing consistently the lowest number of taxa. In contrast, the richness of 
olive groves was comparable, or even higher than that of the more natural cork oak and riparian habitats. 
The assemblage composition varied markedly across seasons, while variation among habitats was less 
marked, though there were differences in both characteristic and exclusive species. Variation in moth 
assemblage composition among habitats and seasons was related to functional traits, with for instance 
larger species recorded in cork oak and riparian habitats and in September, species with specialized diets 
in cork oak and September, and detritivore species in September. Overall, this workflow provides an 
efficient tool to assess and monitor nocturnal insects, with the potential for greatly advancing our 
understanding of agricultural impacts on biodiversity. 
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A disrupção de sistemas naturais está associada à perda de biodiversidade e actualmente põe em risco o 
equílibro de toda a biosfera. Apesar do desenvolvimento e implementação de medidas de protecção de 
biodiversidade, muitas espécies continuam em perigo. Devido maioritariamente à acção humana as 
ameaças à diversidade natural são inúmeras, potenciando a perda de espécies ainda desconhecidas, uma 
vez que grande parte da diversidade biológica continua por descrever ou descobrir. Desta forma, 
evidencia-se a necessidade de conhecer e monitorizar esta diversidade às escalas local e global. Só é 
possível desenvolver ações de conservação adequadas e medir o sucesso das mesmas ao encontrar 
formas de conhecer e quantificar a diversidade e de a monitorizar ao longo do tempo e do espaço. Neste 
contexto, são os insectos e outros invertebrados que mais carecem de estudo, monitorização e acções de 
conservação. Com milhões de espécies desconhecidas que interagem em sistemas complexos, o estudo 
das comunidades de insectos torna-se desafiante. Ainda assim, os poucos estudos existentes indicam 
que, à semelhança do que ocorre com os vertebrados, muitas espécies de insectos estão em declínio. No 
entanto, sabe-se que os insectos desempenham um papel essencial nos ecossistemas, sendo responsáveis 
por diversos serviços e desserviços, nomeadamente em ecossistemas agroflorestais. Por um lado, 
participam em processos essenciais como a polinização e reciclagem de nutrientes, e por outro lado, 
constituem potenciais pragas capazes de causar graves danos à produtividade e economia agrícola. 
Neste contexto, estudar insectos é particularmente relevante e um dos desafios tem sido a identificação 
das espécies. Esta constitui uma das componentes inerentes a estudos de biologia e ecologia, bem como 
ao desenvolvimento de planos de monitorização eficientes. Tradicionalmente, a identificação de 
espécies de insetos tem sido feita com base em características morfológicas externas ou internas, um 
espécime de cada vez. Contudo, este processo depende do trabalho de taxonomistas especializados, 
tornando-se dispendioso em termos de custo e tempo. Mais ainda, a maioria das espécies sofre 
metamorfose completa e muitos organismos são virtualmente impossíveis de identificar nas fases 
larvares, o que dificulta o processo. Hoje em dia, existem novos métodos moleculares que cada vez mais 
permitem ultrapassar alguns destes problemas. Entre estes, salientam-se os métodos que surgiram com 
o desenvolvimento de sequenciadores de nova geração (NGS), nomeadamente um conjunto de técnicas 
designado DNA metabarcoding. 
O DNA metabarcoding faz uso de primers universais na amplificação de barcodes em massa, 
provenientes de espécimes contidos em várias amostras complexas. Estas amostras são posteriormente 
marcadas com curtas sequências distintas, o que permite juntar (pooling) e sequenciar múltiplas 
amostras e posteriormente recuperar a sua composição individual. O uso desta metodologia tem cada 
vez mais vindo a ser reconhecido como particularmente útil em amostras cujo estado não permite 
identificação, como água ou guano, ou em amostras complexas compostas por misturas de espécies. 
Contudo tem ainda muitas limitações associadas, entre as quais a falta de protocolos standardizados, a 
necessidade de desenhar primers universais, a morosidade dos processos dos quais dependem a 
construção de bibliotecas de barcodes e algumas limitações bioinformáticas. Ainda assim, o método 
tem potencial de produzir resultados com elevada resolução taxonómica, permitindo identificar 
múltiplas espécies de uma só vez, sem a dependência de taxonomistas experientes. 
Neste estudo utilizamos o DNA metabarcoding para estimar a diversidade de artrópodes terrestres num 
parque natural recentemente designado, o Parque Natural e Regional do Vale do Tua (PNRVT). O 
parque natural, está inserido numa paisagem fortemente fragmentada que resulta num complexo 
mosaico agroflorestal, típico do Mediterrâneo. No total, foram recolhidas 144 amostras de insectos no 
PNRVT em dois períodos distintos, Julho (n=68) e Setembro (n=76). A amostragem ocorreu numa área 




naturais/naturais representativos da paisagem agroflorestal fragmentada que lhe é característica. Os tipos 
de habitat foram definidos por ordem crescente de cobertura vegetal e decrescente de intervenção 
humana: vinhas, olivais, sobreirais e galerias ripícolas. Nas amostragens utilizaram-se armadilhas de luz 
ultravioleta (UV), e o conteúdo de cada armadilha foi processado separadamente em laboratório até ao 
pooling das amostras para a sequenciação. Especial atenção foi dada aos lepidópteros que são um grupo 
de insectos altamente diverso e pouco estudado. Para colmatar a falta de informação centralizada sobre 
muitos aspectos da sua biologia foram compilados um conjunto de traits de espécies desta ordem 
recorrendo a várias fontes online. Nomeadamente, compilaram-se traits morfológicos, fisiológicos, 
comportamentais e de distribuição geográfica. Estes dados foram utilizados para completar as análises 
do ponto de vista ecológico. Desenvolveu-se e utilizou-se um protocolo dividido em 4 fases para analisar 
os dados obtidos através da sequenciação Miseq i) teste piloto, e da sequenciação Hiseq ii) validação do 
método, iii) design para a monitorização ecológica e iv) análise de traits. Inicialmente utilizaram-se 
apenas 3 amostras para um teste piloto que incluiu testar a eficácia de vários primers. Todas as amostras 
foram sequenciadas posteriormente com o primer que produziu melhores resultados, o BF2/BR2. Este 
par de primers permitiu produzir mais identificações ao nível da espécie e menos sequências únicas, 
com menos erros e reduzindo o tempo de análise. A validação do método i.e. comparação dos resultados 
obtidos com metabarcoding e identificação visual permitiu verificar que a maioria das espécies de 
lepidópteros foi detectada. A sequenciação das restantes amostras recolhidas foi levada a cabo na mesma 
corrida (Hiseq). Estas foram recolhidas segundo o desenho de um plano de monitorização que incluiu a 
montagem e recolha de um número considerável de amostras nos 4 habitats representativos da paisagem, 
fornecendo dados para várias análises de riqueza e composição de espécies. As restantes análises foram 
efectuada para todas as unidades taxonómicas operacionais (OTUs) com excepção da última, a análise 
de traits, que se focou apenas nos lepidópteros, dada a sua importância ecológica e também pela 
disponibilidade de informação. 
Apesar de terem sido recolhidas 144 amostras, o esforço de amostragem provou-se insuficiente para 
atingir um número de espécies representativo da riqueza actual. Ainda assim, e apesar de não ser possível 
obter informação relativa à abundância das espécies, o método permitiu obter resultados com bastante 
resolução taxonómica. Deste modo foi possível captar as diferenças na riqueza e composição de espécies 
entre épocas e habitats através de análises exploratórias e testes de significância estatística. Verificou-
se que as vinhas tendem a apresentar os valores de riqueza média mais baixos, em conjunto com os 
sobreirais em Julho. Por outro lado, nos olivais ocorreram alguns dos valores mais elevados riqueza de 
OTUs, bem como nos sobreirais em Setembro. As maiores diferenças entre a riqueza global de insectos  
e de lepidópteros registaram-se nas galerias ripícolas, indicando que este habitat é muito rico em outros 
taxa de insectos. Pelo contrário, em zonas de sobreiral destacou-se uma elevada riqueza em lepidópteros, 
especialmente em Setembro. Ao nível da composição das comunidades, as diferenças captadas parecem 
estar maioritariamente relacionadas com a época de recolha das amostras como seria expectável, dado 
que a maioria das espécies de insectos só está em fase adulta e activa numa determinhada época do ano. 
Contudo as análises indicam que o habitat também tem influência na composição das comunidades. As 
galerias ripícolas foram o habitat mais distinto em Julho enquanto que em Setembro os sobreirais tinham 
uma composição mais única de OTUs. A maioria das análises aponta para maiores semelhanças na 
composição das comunidades presentes em olivais e vinhas, quer ao nível geral de composição das 
amostras quer por partilharem algumas espécies dominantes. Foi possível relacionar certos traits das 
espécies de lepidópteros com a sua ocorrência na paisagem e nas duas épocas de amostragem. 
Nomeadamente, registou-se a presença de espécies de maiores dimensões em sobreirais e galerias 
ripícolas, a ocorrência de espécies de menores dimensões, com menor número de gerações e 
tendencialmente polífagas no mês de Julho e de espécies detrítivoras em Setembro. Ainda é difícil 




espécies é pouco conhecida. Simultaneamente, são muitas espécies para avaliar e conhecer, pelo que o 
seu estudo além de necessário e desafiante, abre as portas a uma série de questões científicas que 
permanecem por responder. 
Conclui-se que o DNA metabarcoding tem potencial para integrar estudos ecológicos e como ferramenta 
para monitorização rápida e eficaz, reproduzível no tempo e no espaco, para identificação de espécies 
em amostras complexas de insectos. Aqui demonstramos que esta ferramenta pode ser particularmente 
útil em contextos de comparação de habitats em vastas zonas fragmentadas num curto período temporal, 
mas que pode também ser extensível com resultados reproduzíveis e comparáveis ao longo do tempo. 
A elevada resolução taxonómica do método permitiu detectar diferenças entre riqueza e composição de 
espécies em cada habitat. Nomeadamente, o método permitiu identificar espécies dominantes, e até 
relaccionar a ocorrência de certas espécies com os seus traits morfológicos, fisiológicos e 
comportamentais. Além disso, a estrutura de análise em 4 fases pode ser utilizada noutros contextos com 
as devidas adaptações. Na verdade, as várias fases do processo incluem testes e validações e servem 
para auto-calibrar e adaptar o método, tornando a sua aplicação possível em diversos contextos e 
paisagens. Ainda assim, várias limitações inerentes método mantêm-se, quer anível laboratorial, quer 
bioinformático, e por isso é necessário continuar a investigar o seu uso e promover a sua implementação 
como uma prática corrente em estudos ecológicos. 
 
Palavras-chave 
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1.1. The decline of biodiversity and the unknown reality of insects 
Natural systems are under severe disruption, changing at an unprecedent rate and threatening biological 
communities by shifting their interactions and consequently the balance of the whole biosphere1. 
Accentuated changes in the composition of biological communities, as species losses or introductions, 
may affect ecosystem processes which together determine the regulation of many Earth systems1,2. 
Simultaneously, ecosystem degradation and alteration of ecosystem processes affects biodiversity3–5. 
Biodiversity loss is a reality and the end of the threats that make it true is far from sight6. As biodiversity 
is deeply connected with ecosystem functioning and services, it ultimately relates to human well-being7. 
Still, human action clearly is at the root of the problem, having its effect through habitat loss and 
degradation, overexploitation, pollution, climate change and invasive alien species8,9. These drivers act 
together, and most times a combination of many simultaneously endangers biodiversity and ecosystems 
over a given area. Despite the increase of conservation initiatives to address these threats, the efforts 
have not been enough to halt biodiversity loss nor the pressures that affect it10. In fact, the scenarios for 
future extinction rates exceed those in recent fossil record, mostly due to human action and how it 
interferes with ecosystems and their species6,10. Could it be that we are on the way to the 6th mass 
extinction? Some call it Anthropocene11–13 and there is a chance that species are going extinct before we 
get to know them14–16, as still millions of them remain unknown or undescribed out there10,17,18.  
Most of the biological diversity of metazoans is made of insects and other invertebrate species, thus its 
protection and conservation is implicit in most biodiversity agreements as the Convention on Biological 
Diversity19. At its sixth meeting in 2002, it was set the goal to achieve a significant reduction of the 
biodiversity loss rate by 201020. Globally it was clear that by the deadline that goal was far from 
achieved21,22. Other conventions followed CBD in establishing goals to protect biodiversity in one way 
or another. However, invertebrate diversity has received still less attention from researchers, hence fewer 
monitoring and conservation programs have been designed to target its taxonomic groups. While most 
conservation measures still privilege a small number of flagship species, it is well-known that 
invertebrates play a fundamental role in ecosystems as they participate in many ecosystem processes 
and provide important services19,23,24.  However, most described species lack assessment and their 
populational trends are unknown globally25. Under this context, the importance of assessing the status 
of their ecosystems, the composition of their communities and how they interact becomes increasingly 
relevant. 
Although only a few local or national studies are available19, these examples indicate that terrestrial 
invertebrates are declining and under threat. Only 1% of the all described insect species were evaluated 
by IUCN, 40% were stated as threatened19,25 and 67% of monitored populations show 45% mean 
abundance decline12. Habitat conversion and fragmentation due to changes in land use are some of the 
main causes of change in species assemblages (Figure 1-1)8,26. Among them, it turns out that agriculture 
is one of the main drivers of terrestrial biodiversity loss and ecosystem degradation8,27–29. Farmers are 
the main land managers at a global scale28 as croplands and pastures extend for about 40% of the Earth’s 
land cover, making up one of the largest terrestrial biomes29,30.  
However, not all kinds of agriculture have the same effect on habitats and biodiversity, namely on insect 
diversity31–35. Different kinds of systems are associated with different levels of habitat degradation. 
Intensive monoculture systems that extend over large areas are generally associated with biodiversity 
declines36. For example, the conversion of traditional coffee plantations consisting of agroforest systems 




diversity37. The intensification of agriculture has been grounded in a reduction of habitat the complexity, 
which can thus be seen as simplified versions of natural ecosystems, where the number of species is 
often lower than in the surrounding natural habitats33,38,39. This simplification results in artificial 
ecosystems that are only maintained by a continued human intervention: mechanized seed-bed 
preparation and sowing replace natural seed dispersal, synthetic pesticides replace the action of natural 
pest control by predators or parasites, and genetic manipulation replaces natural selection, evolution and 
speciation33. Pesticides are particularly detrimental to insect communities as most of the times their 
action is nonspecific, affecting not only the target species but also its predators40,41. Other causes of 
biodiversity decline that are directly or indirectly linked to agriculture include eutrophication42, species 
introduction8 and climate change43–46. 
 
Figure 1-1: Representation of the main threats that globally affect terrestrial invertebrates on the IUCN Red List. The bars 
represent the proportion of affected threatened species (within the categories of Critically Endangered (CR), Endangered 
(EN) and Vulnerable (VU)). Source: Collen et al. 2010. 
Whereas intensive agriculture exploitation relates to biodiversity loss, extensive agricultural systems as 
those used in low-intensity farming, may cause diversity to increase by introducing heterogeneity in the 
landscape36,47–49. Particularly in Europe, some agricultural landscapes have high nature conservation and 
cultural/aesthetical value50. These systems have existed for centuries and biodiversity has managed to 
cope and evolve within this framework. Where there used to be continuous homogenous woodlands, the 
fragmentation caused by the introduction of agriculture introduced habitat diversity creating these 
designated High Nature Value farmlands (HNVF)47. Contrary to what one might think, here the 
depopulation of the interior and agricultural land abandonment is expected to cause biodiversity to 
decline. 
Insects strongly interact with agricultural landscapes, being responsible for several ecosystem services 
and disservices23,24. On one hand, insects have a fundamental ecological role in nutrient cycling, plant 
pollination, preserving soil structure and quality, controlling proportions of populations of prey and 
predators as they are major food source for several organisms19,23. Ultimately these processes relate to 
the stability of economic systems. For example, it is estimated that insect pollination is worth 9,5% of 
the economic value of the world’s entire food supply51. On the other hand, some represent potential pests 
which can have devastating effects in crop productivity23 with estimates of 18 to 20% of the worldwide 





1.2. Monitoring complex insect communities with DNA metabarcoding 
Being the most diverse animal group on the planet, insect communities have large numbers of species 
interacting in complex ways, making accurate species-level identification challenging. Historically, it 
has been done by observation of morphological and behavioral characteristics, requiring a high level of 
taxonomic expertise and being time-consuming and expensive53. Moreover, besides a general lack of 
knowledge about insect species and communities, there are also few specialized taxonomists and even 
they often struggle with species identifications54. Several factors as phenotypic plasticity within the same 
taxa, similarities among different taxa and the occurrence of cryptic species are likely to cause errors in 
species identification54. Most insects undergo complete metamorphosis and most species are hardly 
impossible to identify while in their larval stages. Frequently it requires examining internal characteres 
which implies microscopic preparation and observation of their genitalia. For some of those, it can only 
be done by collecting either adult male or female specimens as only one of the sexes has relevant 
characters for species identification. Finally, the species concept itself if ambiguous, and the 
boundary/threshold between different species is many times hard to observe13,55. Recently more and 
more molecular methods and technology have been developed and tested and an outbreak in molecular 
identification of animal samples occurred when DNA barcoding was introduced. 
DNA barcoding makes use of diversity in short DNA fragments occurring between conserved regions 
of the genome to assign taxonomy to specimens54,56. Barcoding can be very useful as it allows to identify 
samples whose conditions prevent reliable morphological identification such as those containing 
remains or damaged specimens53. Two important properties should characterize the genes used for 
barcoding. Primarily they should mutate at a similar rate among different species in a way that the 
barcode sequence differs by a minimum percentage of base-pairs (at least 2% in closely related species) 
while individuals of the same species should differ very little (less than 2%)57. Secondly the flank regions 
of the barcode sequences should have a low mutation rate and low variation among most living 
organisms so that it becomes easy to design universal primers57. It has been widely done58–61 and the 
Consortium for the Barcode of Life (CBOL, http://www.barcodeoflife.org/) made efforts to standardize 
the process through the definition of typical markers to be used for each taxon. For animals, a 658bp 
region of the mitochondrial cytochrome c oxidase subunit I gene (COI) is the standardized barcode 
marker54, while others are proposed for plants, fungi and other life forms57. Because amplifying and 
sequencing short barcodes is not only faster but also cheaper, it became another way to document 
biodiversity information and over the few last years, millions of barcodes were sequenced56. These 
sequences are tied in a curated online database, the barcode of life data system (BOLD), thus kept 
accessible and verifiable56. Traditionally, barcoding has been done with Sanger sequencing which allows 
for low error rate when dealing with only one specimen at the time. However, with this technique it 
becomes virtually impossible to efficiently identify hundreds or thousands of specimens simultaneously.  
The recent development of next generation sequencing allowed to characterize whole communities by 
pooling all samples in one sequencing run. Each of these runs allows for tens of millions of sequence-
reads per experiment, enabling rapid assessments and direct measurements of biological diversity by 
merging DNA taxonomy and next generation DNA sequencing. Here the prefix ‘meta-’ is added to 
barcoding and it becomes metabarcoding, although nomenclature is variable at this stage. DNA 
metabarcoding has revolutionized biodiversity surveys of both bacteria, fungi, and invertebrate 
communities. The high level of taxonomic resolution makes it a powerful tool with versatile applications 
for ecological studies and it can also be faster and cheaper57,62,63. Massive sample collection and 
homogenization followed by DNA amplification and sequencing makes it possible to identify multiple 
species from more complex mixtures as bulk samples consisting of entire specimens63,64. Furthermore, 




faeces70,71, gut and stomach content72, altogether defined as environmental DNA (eDNA). Genetic 
identification may also be advantageous to explore poorly known taxa and ecosystems, as well as 
distinguishing among cryptic species58,64 and finding rare ones68. 
However, the method is highly dependent on polymerase chain reaction (PCR) which can induce 
amplification errors and relies on finding suitable metabarcoding markers73. Identifying many organisms 
from a single PCR product is subjected to primer bias and the selected region will influence the results, 
highlighting the importance of the choice of markers as it is easy to over or under amplify certain 
sequences53. The bioinformatic analysis of millions of produced sequences is still challenging and 
requires computation skills and sequencing errors are frequent53. Moreover, there is a lack of 
standardized and automatized protocols for assigning taxonomy to the obtained sequences. Additionally, 
this step requires comparison with a reference collection with sequences in high-quality taxonomic 
barcode libraries, which sometimes are unavailable. Building a good quality reference library is resource 
and time consuming, and it will allways still require a combination of efforts between a taxonomist and 
the geneticist. 
DNA metabarcoding seems promising for ecological research, although some of its limitations prevent 
it from being considered as fully reliable source of ecological understanding to support decision making. 
Therefore, it becomes increasingly relevant to test and calibrate this method since it holds the potential 
to integrate a more standardized way of developing monitoring programs and other management actions. 
For example, it is necessary to estimate how does the species richness detected with metabarcoding 
relates to the actual species pool of the study sites57,66, this is how well the method performs. Still, this 
technique has the power to provide deeper knowledge on local communities which is essential to take 
decisions through a preventive approach, balancing environmentally sustainable management with 
species conservation and local economic development. 
DNA metabarcoding may be particularly useful for the assessment and monitoring of hiper-diverse 
insect communities, which are difficult to study otherwise. Because species are organized in 
communities, focusing on a single species can be a reductive approach to reality and single-species 
studies have progressively given place to these integrative community ecology studies74–78. When 
communities are disrupted, sets of species are replaced by others with different traits and new 
assemblages are formed79. Some species get lost by chance, others cannot cope with the new set of 
environmental conditions, or depended on the presence of some lost species, and finally some find in 
the new scenario an opportunity to thrive79. It is time to set up the mechanisms to determine which 
species are being lost and the factors that determine their presence in these habitats. Furthermore, it is 
important to understand which functional traits make species more likely to be present or absence from 
a given habitat, or whether it is more or less likely to get extinct in diverse communities 80–82. 
 
1.3. The study case: nocturnal insects in complex mosaic landscapes of NE Portugal 
To overcome the difficulties inherent to species identification in an era marked by technology, this thesis 
focuses on the development and test of approaches to incorporate NGS technology in designing efficient 
methods to rapidly assess the composition of wild assemblages of insects, and to establish monitoring 
programs to assess their fluctuations over time. Although there is an increasing number of publications 
on the use of DNA metabarcoding to identify species in bulk samples and eDNA, few studies test the 
potential of the methodology outside the laboratory. As this method may be an alternative to the time-
consuming and expensive process of conventional morphological identification of specimens as well as 




more and more necessary to calibrate and test it to further apply it in monitoring programs and support 
decision making.  
The study was carried out in the Natural and Regional Park of the Tua Valey (Parque Natural e Regional 
do Vale do Tua – PNRVT), which is characterised by a complex landscape mosaic with multiple land 
uses (Figure 1-2). Previous studies shown very diverse insect communities to exist in the area and 
resulted in new occurrences and finding novel species83–88. Here, we used DNA metabarcoding to 
characterize insect communities in two agricultural habitats – vineyards and olive groves – and two 
natural or semi-natural habitats – cork oak woodlands and riparian galleries. These habitats resemble 
different stages of the ecological sucession with by presenting a crescent order of vegetable cover and 
are representative of the landscape. The ecological characteristics and anthropogenic pressures felt in 
each habitat widely vary, thus we expect marked differences in biological communities. As insect 
communities may show considerable seasonal dynamics, sampling was carried out at two time periods 
to evaluate the ability of the method to detect temporal changes in community composition. 
 
Figure 1-2: Satellite image of the fragmented landscape of the Tua Valley (image edit with QGIS with data from google maps). 
The study focused on nocturnal insects as among the hidden diversity of insects, these have been hiding 
in the dark, and so much remains to find out. Particular attention was given to Lepidoptera, because they 
are a highly diverse and poorly studied group of insects, apart from diurnal butterflies which correspond 
to only about 5% of the species of this order. The remaining 95% are nocturnal butterflies, also known 
as moths89 and very little is known about their status. The dynamics of their communities may have a 
deep influence in agricultural and forest systems as most species have an herbivorous diet during their 
initial life stages. On one hand they may assume pest behavior and cause damage in crops and stored 
food items either by preventing plants from carrying on photosynthesis at an adequate rate for sustaining 
their growth and productivity, by damaging the reproductive parts of the plant as flowers and fruits or 
by becoming pests in warehouses. On the other hand, some species may have a beneficial role in 
agriculture as they regulate the proliferation of weeds that otherwise would be eliminated with 
herbicides. Moreover, certain species have detritivore larvae that have similar roles to those of fungi, 
influencing decomposition processes90. Others may act as pollinators when adult and benefit the 
proliferation of birds, bats and predatory insects as they constitute a major source of prey for these 




understudied as most insects, not only due to their high diversity, but also because identification requires 
a high level of taxonomic expertise. However, because the cytochrome c oxidase I (COI) gene is 
frequently used for DNA barcoding, vast libraries are already available for this marker on BOLD and in 
the CiBIO/InBIO the reference collection. 
 
1.4. Objectives 
The overall goal of this study is to develop and test an approach to the use of DNA metabarcoding for 
assessment and monitoring of insect communities, focusing specifically on nocturnal insects. To achieve 
this goal, we sampled nocturnal insect communities in different habitats (olive groves, vineyeards, cork 
oak woodlands, and riparian galleries) within a complex mosaic landscape, aiming at: 
1. Identify the assemblages of species present in invertebrate bulk samples (directly collected from the 
field), using DNA metabarcoding 
2. Perform a comparative analysis of the morphologic ID versus the genetic ID to assess how well does 
it describe the present communities 
3. Analyze the differences between insect communities in agricultural and natural habitats in a 
heterogeneous fragmented landscape 
4. Relate the occurrence of Lepidoptera within the landscape and time period to their 








2.1. Study area 
This study was conducted within the PNRVT located in the region of Trás-os-Montes and Alto Douro 
in Northeast Portugal (Figure 2-1). The natural park has an area of about 24.750 ha, extending over a 
total of 5 municipalities: Alijó and Murça on the right margin of the Tua river, and Vila Flor, Carrazeda 
de Ansiães and Mirandela on the left margin. It was recently designated as a compensatory measure of 
the environmental impact caused by the construction of a dam at the mouth of the Tua river. Due to the 
flooding of the valley (from 2016 to 2017), the landscape has recently undergone through profound 
changes not only in appearance but also in some of its physical-chemical parameters such as humidity. 
 
Figure 2-1: Detail of the municipalities in which the PNRVT is inserted and its location within Portugal, in the NE of the 
country.  
The landscape is characterized by a rugged topography, with steep areas, plateaus, and the enclosed 
valleys of the rivers Douro, Tua and Tinhela. Inserted in the depopulated interior of north Portugal, the 
Alto Douro region was recognized as a World Heritage Site by UNESCO in 2001 and has been labeled 
as an iconic for its wine and olive production91. A long history of low density human occupation has 
transformed the landscape which thereby appears highly fragmented, as a mosaic of alternated natural 
plant zones (55%) and agricultural areas of various types (42%)92. In the latter, subsistence farming 
associated with vineyards and olive groves in small properties predominates. In this fragmented 
landscape and many animal and plant species subsist among vine terraces, olive groves, almonds, figs 
and other fruits, oak woodland patches, streams and rivers. Not surprising as the Mediterranean climate 
is associated with a high species diversity93 and the variety of microclimates in the valleys boosts 
biological diversity, namely of insects. Problems such as soil erosion, lack of incentives to maintain 
traditional practices, and fire lead to a progressive depopulation of the interior. Human populations age 
and their children run away from these harsh conditions to the cities. Still, the fewer inhabitants left, 
kept with traditional management practices and low-intensity farming, preserving in many areas the 




both forest and agricultural areas in the trapping scheme, as an attempt to better represent this high 
landscape diversity.  
Vineyards and olive groves are agricultural areas of medium to high intensity management whereas cork 
oak woodlands also had some degree of human intervention but of lower intensity level. Riparian zones 
were considered as representatives of a more naturalized habitat, although the sampling points were 
always located in areas of access to the rivers, thus frequented by bathers and fishermen, among other 
users. Although there was an effort to sample areas that were less affected by the flooding of the dam 
reservoir, some of the riparian zones characteristic vegetation was already changing. The agricultural 
zones were well represented in the sampling design, since they cover most of the accessible areas in the 
park. However, cork oak patches and riparian zones were unevenly distributed in the landscape and 
many times occurred in steep inaccessible places.  
 
2.2. Sample collection 
Samples were collected using custom UV light traps designed to target night flying insects, specially 
moths by taking advantage of their attraction to light (Figure 2-2-A). Light traps were equipped with 
three 30cm long UV LED strips of 395-405nm powered by a 12Ah 12V lead battery. The lights were 
also connected to a solar light sensor that activated the circuit at sunset and shut it down on sunrise, 
enabling the placement of several traps at different hours while assuring an equal functioning time for 
each of them throughout the night (Figure 2-2-B). In July traps were on for about 9 to 10 hours each 
night whereas in September, the reduction of the photoperiod disconnected the traps only after 11 to 
12h. Each trap was equipped with a breathable fabric bag containing card eggboxes for the insects to 
hide. Traps were collected on sunrise up to a maximum of 2.5h after daylight, by simply losing each bag 




Figure 2-2: A) Picture of a complete light trap set and ready to use and B) schematic representation of the assembly of all the 






2.3. Sampling design 
To compare if the data obtained with DNA metabarcoding produced similar results to a traditional visual 
identification based on external morphological characters, twelve traps were collected and identified by 
a moth specialist. Martin Corley, who identified these moths has been studying Lepidoptera in Portugal 
over the past 20 years and has several published articles about them83–86,88. These samples were collected 
between the two main sampling seasons, in the end of July, as this process was dependent on the 
taxonomists’ availability and it was the only time to do it. The intention was to test the amplification 
success of some primer sets (protocol testing) and to validate the metabarcoding approach. 
For the monitoring plan design a total of 148 samples were set along 35 localities within the study area: 
70 samples were collected in July and 78 in September (Figure 2-3). The choice of both sampling 
seasons – July and September – is due to the occurrence of a summer peak in insect activity for many 
species. On both seasons, four different kinds of habitats were sampled: vineyards, olive groves, cork 
oak woodland, riparian zones (Figure 2-4), as they should well represent its overall diversity, gathering 
this way information that could integrate a monitoring plan. On the first sampling season 2 traps (1 in 
olive grove and 1 in vineyard) were found disconnected by human action. Whereas on the second season, 
2 traps placed in olive groves had technical issues that prevented them from working properly. A total 
of 144 samples end up being collected in both seasons (68 in July + 76 in September) (Table 2-1). The 
locaties of each trap and its geographic coordinates can be seen on Appendix I-A and the corresponding 
sample codes are ordered in Appendix I-B. 
 
 
Figure 2-3: Geographic distribution of the sampling points within the PNRVT boundaries (dark brown) that are inserted in a 




Table 2-1: Number of traps set and recovered on each sampled habitat – vineyard, olive groves, cork oak woodland and 




Figure 2-4: Examples of the four habitats sampled under this study: A) vineyards, B) olive groves, C) cork oak woodlands and 
D) riparian zones. 
 
2.3. Sample processing and laboratorial analysis 
2.3.1. Sample preparation 
Frozen bags were examined to record which orders of insects were present in each trap. To avoid 
contamination all the material used (tweezers and spatulas) was always cleaned with ethanol 96% 
between samples. The contents of each bag were preserved in individual labeled falcon tubes (50mL) – 
one tube per sample – with ethanol 96% until DNA extraction in the lab. A few samples contained 
insects larger than ~5cm which were kept in separate tubes to avoid future bias in DNA amplification94, 
for these only a leg was added to the bulk in the lab. Prior to DNA extraction all samples were dried by 
filtering out most of the ethanol and incubated at 56ºC for about 2 days. To determine if the samples 
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VINEYARD 22 21 22 22 
OLIVE GROVE 22 21 22 20 
Low intensity 
management 
CORK OAK WOODLAND 14 14 22 22 
RIPARIAN ZONES 12 12 13 13 






were completely dry, tubes with a large volume of insects were weighted along the drying time and 
samples were removed from the incubator only when those weights were constant for about half a day. 
Afterwards, samples were homogenized into a fine powder using the Bullet Blender 50-DX 
homogenizer (Next Advance, USA), with 4 glass beads of 8mm diameter per sample during 15min. 
 
2.3.2. DNA extraction 
The DNA extraction was done using the E.Z.N.A.® Tissue DNA Kit, following an adapted protocol 
(Appendix II). We performed up to 3 DNA extractions per sample (replicates), each one using 70 to 100 
mg of the homogenized insect powder to increase species detection. For some samples with less biomass 
only one or two replicates were possible (Appendix III). 
 
2.3.3. Protocol testing 
To define the best protocol, a series of initial tests were done. We tested four primer sets, B295, Ar564, 
LCO96 and ZBJ 97 to amplify different fragments of the Folmer region of the cytochrome oxidase I (COI) 
mitochondrial gene (Table 2-2). DNA amplifications were carried through polymerase chain reaction 
(PCR) performed over three different dilutions (1:10, 1:100, 1:200) of the DNA extractions in a total 
volume of 10 µL on three replicates of two random samples plus one morphologically identified sample 
(n=9). PCR conditions consisted of initial denaturing at 95 ºC for 15 min, followed by 35 cycles of 
denaturing at 95 ºC for 30 s, annealing at 45 ºC for 30 s and extension at 72 ºC for 30 s, with final 
elongation at 60 ºC for 10 min. The PCR products were tested in 2% agarose gel to check for the 
amplification success. Particularly, the strength of the bands, as well as their expected size were 
analyzed. After ensuring that the negative controls of the PCR were not contaminated, each successfully 
amplified sample went through an indexing PCR where unique indices of 7bp with a minimum of 3bp 
difference among them were added. This step was done using two combinations of indices per PCR 
product to further test the effect of sequencing depth on species diversity recovery. This way, one index 
combination would be sequenced at a high sequencing depth (~160,000 reads/sample), while the other 
would be sequenced with low sequencing depth (~80,000 reads/sample). Some samples were tested in 
agarose to check if the indices had been incorporated, as these indices also included the regions that 
blind to the flow cell of the sequencer, a 100bp difference was expected. Amplicons were cleaned and 
purified by using AMPure XP beads (Beckman Coulter) in a ratio of 1:0.8. Purified products were then 
quantified in Nanodrop, normalized to 15 nM and pooled per primerset and sequencing depth. Pooled 
libraries were then quantified using qPCR (KAPA Library Quant Kit qPCR Mix, Bio-Rad iCycler), 
diluted to 4nM each, and finally pooled together according to the desired proportions. The final pool 
was run on a MiSeq platform from Illumina, using a 2x250bp v2 kit. 
 
Table 2-2: The four tested primer sets. 




B2 BF2 GCHCCHGAYATRGCHTTYC 461 Elbrecht & Leese 2017 
BR2 TCDGGRTGNCCRAARAAYC 
LC LCO1490 GGTCAACAAATCATAAAGATATTGG 370 Folmer et al. 1994 
C R GGIGGRTAIACIGTTCAICC Shokralla et al. 2015 
Ar5 ArF5 GCICCIGAYATRKCITTYCCICG 356 Gibson et al. 2014 
ArR5 GTRATDGCDCCDGCDARDACDGG 







2.3.4. Final sequencing 
The initial protocol testing revealed that using the combination of the BF2/BF2 primer-set on the 1:100 
DNA dilution worked better. When sequenced at a high sequencing depth, it retrieved the highest 
number of different OTUs, therefore the process was replicated for all the samples. All the remaining 
lab procedures followed the protocol used for testing and described in the previous section, but instead 
of sequencing on a Miseq platform, the final library was sequenced on two lanes of the Illumina HiSeq 
2500 Platform using a 2x250bp RapidRun kit. 
 
2.4. Bioinformatic analysis 
Bioinformatic processing of sequencing reads was done using OBITools99, a set of python programs that 
was designed to simplify the treatment of NGS output data. For the protocol testing, a separate analysis 
was carried for each primer set. All the remaining bioinformatic steps were similar in the analysis of the 
samples generated by the HiSeq run. First, paired-end reads were aligned using the command 
‘illuminapairedend’ and discarded if overlapping quality was less than 40. Second, reads were assigned 
to samples and primer sequences were removed using ‘ngsfilter’, allowing a total of 4 mismatches to 
the expected primer sequence. Finally, reads were collapsed into haplotypes and singletons (haplotypes 
with only one read per sample) were removed. Haplotype diversity and read count per fragment length, 
as well as bibliographic information of each marker was used to discard haplotypes shorter and/or longer 
than expected. The remaining haplotypes left per sample were all joined in a unique file and the 'obiuniq' 
command was run again to obtain the set of unique sequences across the entire dataset. The command 
‘obiclean’ was then used to remove potentially spurious sequences with an ‘r’ level of one, meaning that 
any ‘A’ haplotype differing one base-pair from a ‘B’ haplotype, with an absolute read count lower than 
‘B’, and that was not found without the presence of ‘B’ in any sample, was removed as it was most 
likely a PCR or sequencing error. 
The taxonomic assignment of each haplotype to a taxon was done with the support of a neighbour-
joining phylogenic tree based on an alignment of the haplotypes for each primerset sorted by their read 
count. This allowed to visually define clusters of haplotypes that corresponded to the same taxon, as 
well as identify chimeric sequences and PCR errors that were unfiltered in the previous bioinformatic 
steps. Taxa were identified by comparing the representative haplotypes of each cluster against online 
databases (BOLD), as well as unpublished sequences of arthropods collected in northern Portugal for 
CIBIO-InBIO Barcoding Initiative (here referred to as reference collection). Species level 
identifications were made for similarity values of above 98.5%. Whenever a haplotype matched several 
species, genus, or families at similar identity levels we tried to select the most inclusive taxonomic rank. 
For example, if a haplotype matched with 95% similarity two species of different genus belonging to 
the same family, we identified it only to family level. Those that best matched the same taxa were 
collapsed into a single taxon as we assumed that they belonged to the same OTU. Haplotypes whose 
identification was only possible up to family, order or class level were clustered according to their 
similarity into distinct taxa (e.g., Carabidae 1, Carabidae 2, and so on). After identifying all the 
haplotypes, we excluded the ones not belonging to the phylum Arthropoda. 
 
2.5. Trait database 
The species functional trait database was built by compiling information on traits of moth species known 
to occur in the Tua Valley from several online sources100–116. A total of twelve different traits distributed 
among five main categories were collected, namely moths’ size (wingspan), phenology (flight time, 




index, leafminer behavior, list of host plants and part of the plant consumed), habitat (preferred habitats) 
and distribution (within Europe, due to lack of global data for many species). Polyphagia index ranged 
from 1 to 3, with 1 being attributed to monophagous species, i.e. those feeding on only one species or 
genus, 2 to oligophagous species, i.e. those that feed on host plants from an entire family, and 3 to those 
that feed on more than one family of host plants. Both migratory behavior, detritivore index and 
leafminer behavior were binary variables meaning 1 presents the behavior, 0 does not present the 
behavior. Most information on moth’s phenology (flight time and number of generations) were from 
other countries of Europe. When different results were found, the values correspondent to the country 
closest to the Iberian Peninsula were selected. For example, when a certain moth species had 1 
generation in Belgium but 3 in France, the value for France was taken. 
 
2.6. Data analysis 
The analysis was designed in 4 stages to cover up all the objectives (Figure 2-5). Stage 1 consisted of a 
simple protocol testing: some samples from both the validation and the monitoring sample collection 
were used to test the efficiency of different primers, as well as sequencing depth, in species detection in 
a test run. This enabled the choice of an adequate primer set before sequencing all samples, as well as 
the number of sequencing reads needed to properly characterize each sample.  
Stage 2 involved testing if metabarcoding produces similar results to those generated by visual 
identification and examine the differences between both methods and if the produced results were 
similar. The list of species obtained with the metabarcoding approach was compared with the list of 
species identified by morphology. To compare the identifications produced by each method on the 
twelve samples collected for the validation step, we performed a permutational multivariate analysis of 
variance (PermANOVA). This analysis was carried with the function ‘adonis’ implemented in the R 
package ‘vegan’ with 999 permutations. 
Stage 3 consisted in using the monitoring samples to assess the diversity and species composition on the 
four different habitat categories, with increasing vegetable cover and decreasing level of management: 
vineyards, olive groves, cork oak woodlands and riparian zones. First, rarefaction curves of species 
richness/sample coverage using ‘iNEXT’ R package (Hill number with q=0) to calculate the expected 
species richness. Sample size-based rarefaction and samples completeness curves were used to assess if 
both sample effort and sample coverage (number of reads) were enough to estimate species richness. 
Then, the average species richness was calculated for each habitat and season. Moreover, we calculated 
the taxonomic distinctness index (delta +) proposed by Clarke and Warwick117. This index uses the path 
length in a Linnaean taxonomy to estimate the average ‘distance’ between pairs of taxonomical units in 
a sample, capturing taxonomic diversity instead of plain richness. To test for the differences in average 
species richness and taxonomic diversity among habitats and seasons we used the R package ‘MASS’ 
to calculate GLMs. A poisson distribution was used for species richness, while normal distribution was 
used for the taxonomic diversity index. Moreover, we used multiple comparison tests with Bonferroni 
correction to assess which habitats were statistically different from each other. This was implemented 
in the package ‘lsmeans’. 
The most common species across each habitat and the set of habitats together (across the landscape) 
were identified. For that purpose, we used barplots to represent the relative number of occurrences of 
the top 20 most found OTUs in each habitat and in all habitats. Moreover, we built up Venn diagrams 
to check the number of OTUs shared among habitats. The Jaccard similarity matrix (β-diversity) 
between all pairs of samples was calculated and used as an input to perform a principal coordinate 
analysis (PCoA) also known as classical multidimensional scaling (CMS). This analysis allows to a 




spatially in a way that each unit is a point and their distance is representative of their differences. Here, 
similar samples will tend to cluster and samples that differ the most will appear more distant in the chart. 
Points were colored by their habitat and shaped by their season, allowing to visualize which of these 
variables relates to the variation in the assemblages on each sample. The differences in species 
composition between each group (habitat and season) indicated by the PCoA were tested through a 
PermANOVA, using 999 permutations. A percentage of similarities analysis (SIMPER) was performed 
to check which species were contributing the most to the recorded differences of community 
composition between habitats and seasons. Finally, a matrix of geographical distance between samples 
was calculated using the R package ‘rgdal’. We used a mantel test (999 permutations) to compare it with 
the Jaccard similarity matrix (β diversity) used to calculate the PCoA in order to assess if species 
composition was spatially correlated. 
Finally, in stage 4 we use statistical models to relate the data on species occurrence combined with the 
collected traits to infer whether there were functional traits associated with certain habitats. This was 
carried out using a “fourth corner analysis”118 calculated using a binomial regression with the ‘traitglm’ 
function within the R package ‘mvabund’. This analysis uses 3 input matrices describing species 
occurrence per sampling unit, environmental covariates per sampling unit and traits of the occurring 
species to estimate a 4th matrix that relates the environmental covariates with species traits118. In this 
case we intend to relate the 4 habitats and 2 sampled seasons with the following species traits: average 
wingspan, maximum generation number, migratory behavior (0/1) and 3 diet traits – polyphagia (1 to 
3), detritivity (0/1) and leafminer behavior (0/1). In this case we chose to use a function added in the 
‘mvabund’ package for fitting GLMs using a LASSO penalty which uses model selection to evaluate 
which variables are significantly contributing to the model. 
 
 























3.1. Protocol testing 
When the PCR products were run in agarose gel, clean and strong bands were obtained for both B2 and 
LCO primer sets, while Ar5 did not produce any bands and ZBJ produced faint ones. Therefore, the 
procedure for sequencing was carried only with the primers that seemed to have successfully amplified 
the samples – B2 and LCO. The 1:100 dilution was selected as it seemed to produce the stronger bands 
for both primer pairs. The data produced by the Miseq run revealed that the B2 primer set allowed to 
detect 26 more Lepidoptera species than LCO (Table 0-1, Appendix III). Moreover, B2 produced less 
errors as chimeric sequences, thus it generated only 1204 haplotypes after the bioinformatic filtering 
while LCO produced 3096 haplotypes, enabling a more efficient analysis. The PCR products sequenced 
at higher sequencing (~160,000 reads/sample) depth seemed to better capture the diversity of each 
sample, while the ones sequenced at lower depths (~80,000 reads/sample) did not always reach the 
asymptote of expected number species, especially in more diverse samples like IT141 (Figure 3-1). The 
coverage test results allowed to estimate the number of reads that would be necessary to aim for in the 
Hi Seq run to detect most species, even in high biomass samples. 
 
Figure 3-1: Coverage test results from the Mi Seq run for the three extractions (a, b and c) of the test samples: A) F004 which 








3.2. Validation of metabarcoding 
The metabarcoding and visual identification of the 12 test traps allowed the recovery of 108 and 101 
species, respectively. Although most species records were shared between both methods (268 out of 366 
– 73%, Table 3-1, Appendix IV), there were some species either missing in the metabarcoding analysis 
or identified differently (e.g. same genus, but different species) by visual ID. In other cases, the lack of 
a complete reference database did not allow a species level identification of retrieved DNA sequences, 
with barcodes identified only at genus, family or order level. Nevertheless, the PerMANOVA analysis 
revealed that the species composition obtained using both methods did not differ significantly (df = 1, 
F = 0.9856, R2 = 0.0429, P = 0.492). 
Table 3-1: Lepidoptera families detected using either only DNA metabarcoding but not through visual identification and the 
opposite: families detected through visual identification but not when using DNA metabarcoding. Values refer to the 
percentage of occurences of species in the twelve samples identified exclusively by metabarcoding or visual ID as well as by 
both methods. 
Family Metabarcoding ID (%) Visual ID (%) Both methods (%) Total 
Autostichidae 0.55 0.27 0.82 1.64 
Brachodidae 1.64 1.64 0.27 3.55 
Crambidae 0.27 0.27 4.64 5.19 
Depressaridae 0.55 0.55 0.82 1.91 
Drepanidae 0.00 0.27 1.37 1.64 
Erebidae 0.27 0.55 9.84 10.66 
Gelechiidae 0.82 0.55 3.55 4.92 
Geometridae 3.28 4.10 17.49 24.86 
Lasiocampidae 0.00 0.00 3.01 3.01 
Lecithoceridae 0.27 0.55 0.27 1.09 
Momphidae 0.00 0.27 0.00 0.27 
Noctuidae 1.64 1.91 12.02 15.57 
Nolidae 0.00 0.27 0.82 1.09 
Notodontidae 0.27 0.00 1.37 1.64 
Nymphalidae 0.00 0.00 0.27 0.27 
Oecophoridae 0.00 0.27 1.37 1.64 
Pterophoridae 0.00 0.00 0.55 0.55 
Pyralidae 0.82 1.91 10.38 13.11 
Scythridae 0.82 1.09 0.00 1.91 
Tineidae 0.00 0.00 1.09 1.09 
Tortricidae 0.00 0.00 3.28 3.28 
Unknown 0.82 0.00 0.00 0.82 
Ypsolophidae 0.00 0.27 0.00 0.27 
Total 12.02 14.75 73.22 100.00 
 
 
3.3. Species richness 
A total of 1130 final identifications were attributed to OTUs belonging to 163 different families splited 
among 21 arthropod orders. The habitats with higher number of different OTUs recorded in total were 





3.3.1. Species richness according to sample size and sample completeness 
Species accumulation curves indicate that the sampling effort was not enough to capture the total species 
richness for most habitats, either considering all insect OTUs (Figure 3-2) or just Lepidoptera (Figure 
3-3). Sample coverage was similar for all habitats, meaning that although the total number of species 
occurring in each habitat was not captured, the diversity found can be directly compared among habitats. 
Still, a total of 1130 insect OTUs and from which 400 were Lepidoptera were found within the samples. 
All OTUs 


































Figure 3-2: Hi Seq coverage test to check how sampling effort (number of sampling units) and sample coverage performed in 




















Figure 3-3: Hi Seq coverage test to check if sampling effort (number of sampling units) and sample coverage were enough to 
capture Lepidoptera total richness. 
 
3.3.2. Species richness and sample completeness according to sample coverage 
Contrarly to sample number, sample coverage was enough to capture species richness, this means the 
number of reads performed by the sequencer enabled to capture most of the species present in the 
samples (Figure 3-4). The extrapolation starts when the diversity curves are already stable, which means 
that more reads would not enable to detect more OTUs, whether for all insects or only Lepidoptera. The 
sample completeness analysis indicates that after filtering, about 1000 reads per sample would be 
enough to detect all species within each trap. 
  

































Figure 3-4: Hi Seq coverage test to check if read coverage (number of reads per habitat) and sample completeness were 
enough to capture Lepidoptera total richness. 
 
3.3.3. Mean species richness 
The average number of species found per sample varied according to the habitat and season sampled in 
different ways, either considering all insects or just moths (Table 3-2). For all insect OTUs in July, olive 
groves and riparian zones were the habitats with highest richness (Figure 3-5-A) and did not differ from 
each other (Appendix V-A). They both exhibited higher richness than cork oak woodlands and 
vineyards, although for riparian zones the difference with vineyards was not significant. In September 
this pattern changed slightly as the average richness of cork oak woodlands increased to similar levels 
of those of olive groves and riparian zones, and the richness of vineyards decreased to even lower values. 
For Lepidoptera OTUs in July, cork oak woodlands and olive groves exhibited the highest mean species 
richness (Figure 3-5-B), although only olive groves had significantly higher richness than riparian zones 
and vineyards (Appendix V-B). As for all insects, in September this pattern changed, but this time cork 
oak woodlands became the richest habitat, followed by olive groves, riparian zones and vineyards. 
Overall, the pattern observed in September can be characterized by an increase in the average number 
of Lepidoptera species found on each habitat, especially in cork oak woodlands and olive groves. 
 
Table 3-2: GLM results highlighting the variables whose variation had significant effects in species richness (p < 0.05). 
  
LR Chisq Df p-value  
All insects richness 
Habitat 71.377 3 <0.00001 *** 
Season 3.183 1 0.0744  
Habitat*Season 29.425 3 <0.00001 *** 
Lepidoptera richness 
Habitat 110.631 3 <0.00001 *** 
Season 108.477 1 <0.00001 *** 








Figure 3-5: Box-plot diagram showing the variation of the OTU richnes for A) all insect orders and B) Lepidoptera within the 
4 sampled habitats C – Cork oak woodland, O – Olive grove, R – Riparian zone and V – Vineyard on both seasons, July 
(orange) and September (blue). Outliers are represented as black dots and the correspondent samples labeled. 
 
3.3.4. Taxonomic distinctiveness 
The index of taxonomic distinctiveness (delta +) was not correlated with OTU richness (pearson coef = 
-0.1070) nor with Lepidoptera richness (pearson coef = -0.0703) (Appendix VI). The GLM results 
indicated that there was no significant interaction (habitat*season) for any of the delta+ values, 
indicating that unlike species richness, it varied similarly among habitats in both seasons (Table 3-3). 
Delta+ was significantly higher in July than September when considering all insect orders (Figure 3-6-
A) but remained constant when considering only moths (Figure 3-6-B). Delta+ also varied among 
habitats when considering all insects, and to a much lower magnitude when considering just moths. For 
all insects, delta+ was highest in riparian zones, followed by vineyards, olive groves and cork oak 
woodlands. Multiple comparison tests showed that the intermediate levels of olive groves did not differ 
significantly though from both vineyards and cork oak woodlands (Appendix VII-A).  Looking at the 






overall constant across habitats and seasons, except that olive groves had significantly lower delta+ than 
vineyards, although the signal was weak (Appendix VII-B). 
 
Table 3-3: GLM results highlighting the variables whose variation had significant effects in the variation of the taxonomic 
index Delta+ (p < 0.05). 
  
LR Chisq Df p-value  
All insects Delta+ 
Habitat 43.380 3 2.044e-09  *** 
Season 43.806 1 3.627e-11  *** 
Habitat*Season 1.639 3 0.6506  
Lepidoptera Delta+ 
Habitat 8.0932 3 0.04412  * 
Season 0.4922 1 0.48293  




Figure 3-6: Box-plot diagram showing the variation of the index of taxonomic distinctiveness for A) all insect orders and B) 
Lepidoptera within the 4 sampled habitats C – Cork oak woodland, O – Olive grove, R – Riparian zone and V – Vineyard on 
both seasons, July (orange) and September (blue). Outliers are represented as black dots and the darkred dots mark the 






3.4. Community composition 
3.4.1. Common species 
The structure of the OTU assemblages seems to be similar across habitats when it comes to relative 
frequency of occurrence (i.e. proportion of the traps of each habitat in which a certain OTU appeared) 
(Figure 3-7). Still, the most common OTUs varied between habitats. For example, if we consider 
dominant OTUs those that appear in more than 50% of the traps, olive groves had 3 dominant OTUs: 
Dysspastus fallax (78.1%), Chironomidae sp. 4 (65.9%) and Ancylosis oblitella (63.4%). Vineyards also 
had three dominant species and the first 2 are shared with olive groves: Chironomidae sp. 4 (69.8%) and 
Dysspastus fallax (55.8%), the 3rd was a complex of species Eurodachtha siculella/canigella (51.2%). 
The dominant species in cork oak forest were all Lepidoptera: Watsonalla uncinula which appeared in 
86,1% of the traps set in this habitat followed by Cydia fagiglandana (69,4%) and Acrobasis glaucela 
(66.7%) with much lower proportion of occurrence. In riparian zones the 3 most frequent species were 
all Diptera from the family Chironomidae with similar percentages. 
 
Figure 3-7: Bar charts represent the relative frequency of occurrence of the top 20 most frequent OTUs in each habitat and 
in all habitats together (landscape level). The values were obtained by dividing the number of traps were the OTU was 
detected (absolute frequency of occurrence) by the total number of traps collected in that habitat. The three most frequent 
OTUs of each habitat and total are mentioned in the charts. 
Lepidoptera OTUs have slightly different patterns (Figure 3-8). Both olive groves and vineyards had 2 
dominant species with the first being Dysspastus fallax on both, although the percentage of occurrence 
in olive groves (78.0%) was much higher than in vineyards (55.8%). The second species for olive groves 
and vineyards were respectively Ancylosis oblitella (63.4%) and Eurodachtha siculella/canigella 
(51.2%). In cork oak woodland there was a clear dominance of Watsonalla uncinula (86.1%) although 
many other species occurred in over 50% of the traps placed in this habitat. In riparian zones Mythimna 




occurred in exactly 50% of all habitats combined. Caradrina flavirena was not dominant in any of the 
habitats when considered singularly, but it appeared in 47.2% of the traps of all habitats. 
 
Figure 3-8: Bar charts represent the relative frequency of occurrence of the top 20 most frequent Lepidoptera OTUs in each 
habitat and in all habitats together (landscape level). The values were obtained by dividing the number of traps were the 
Lepidoptera OTU was detected (absolute frequency of occurrence) by the total number of traps collected in that habitat. The 
three most frequent Lepidoptera of each habitat and total are mentioned in the charts. 
 
3.4.2. Shared species 
The following Venn diagrams show the number of insect OTUs (Figure 3-9-A) and Lepidoptera OTUs 
(Figure 3-9-B) occurring in all combinations of the four sampled habitats. Cork oak woodland is the 
habitat that presents most unique OTUs (113 unique OTU and 36 unique Lepidoptera OTU). Riparian 
zones had the largest difference between unique OTUs and unique Lepidoptera OTUs, indicating that 
most unique species do not belong to this order. The percentage of shared species among the 4 habitats 





Figure 3-9: Venn diagrams showing the number of species present in each habitat, as well as their overlap in all possible 
combinations of the four habitats. The large values at the center of each circle correspond to the number of A) all insect 
OTUs and B) Lepidoptera OTUs. Each circle represents one habitat or a combination of 2, 3 or 4 habitats which appear as 










3.4.3. Community similarity 
The mantel test results revealed that the geographical distance between sampling points did not correlate 
to the Jaccard similarity matrix or β diversity (p = 0.089). From the considered variables – season and 
habitat – the sampling period seems to be the one that most affects community composition, both when 
considering all insects or just Lepidoptera (Figure 3-10-A, Figure 3-11-A). When looking at each season 
separately (discarding season effect) it seems that communities were more homogeneous in July than in 
September both for all OTUs (Figure 3-10-B, Figure 3-10-C) and just Lepidoptera (Figure 3-11-B, 
Figure 3-11-C). In July it seems like the riparian zone had more distinct communities comparing to other 




Figure 3-10: Principal coordinates analysis of Jaccard distances. Each point represents a sample and the corresponding 
binary composition of all insects OTUs. The samples in A) are defined in color and shape according to the habitat and season 
in which it was collected. The two lower graphs represent samples of different seasons, B) July and C) September separately 
and points are colored according to the habitat. Ellipses surround 95% of the points of each habitat/season. 
 
Lepidoptera communities had similar OTU composition patterns to those of all insects both in July (with 
riparian zones standing out, Figure 3-11-B) and in September when the most unique areas were cork 







Figure 3-11: Princinpal coordinates analysis of Jaccard distances. Each point represents a sample and the corresponding 
binary composition of Lepidoptera OTUs. The samples in A) are defined in color and shape according to the habitat and 
season in which it was collected. The two lower graphs represent samples of different seasons, B) July and C) September 
separately and points are colored according to the habitat. Ellipses surround 95% of the points of each habitat/season. 
 
The strong seasonal effect extendes to family level, although there is a higher overlap of communities 
than at the OTU level (Figure 3-12-A). When it comes to habitat, riparian zones appear to present a 
more distinct group of families in July (Figure 3-12-B), although they present the largest seasonal 
overlap. This is, the insect communities in riparian zones in July and September were more 
homogeneous in terms on families found, although quite distinct from the other habitats on each season. 
By looking at each season separately we can better observe this seasonal effect, also for cork woodland 
areas in September (Figure 3-12-C). Finally, at order level the communities completely overlap and 







Figure 3-12: Princinpal coordinates analysis of Jaccard distances. Each point represents a sample and the corresponding 
community composition at family level. The samples in A) are defined in color and shape according to the habitat and 
season in which it was collected. The two lower graphs represent samples of different seasons, B) July and C) September 
separately and points are colored according to the habitat. Ellipses surround 95% of the points of each habitat/season. 
 
 
Figure 3-13: Princinpal coordinates analysis of Jaccard distances. Each point represents a sample and the corresponding 
composition community at order level. The samples in the top graph are defined in color and shape according to the habitat 






The PermANOVA analysis confirmed the seasonal and habitat effect suggested by the PCoA 
representations (Table 3-4). Whether looking at all OTU’s beta diversity, or just Lepidoptera, it is 
possible to observe that community composition varies with habitat and season. Moreover, as the 
interaction of the two variables was also significant, suggesting that these differences in composition 
among different habitats are dependent on the variation of the season and vice-versa. 
 
Table 3-4: Permutational multivatiate analysis of variable (PermANOVA) with 999 permutations, based on the Jaccard 
similarity coefficient measure for presence-absence data. 
  
Df SS MS F R2 p-value  
All insect OTU's Season 1 5.695 5.6953 15.9916 0.09662 0.001 *** 
 
Habitat 3 3.148 1.0494 2.9466 0.05341 0.001 *** 
 
Season*Habitat 3 1.664 0.5546 1.5571 0.02823 0.001 *** 
 











Lepidoptera OTU's Season 1 7.367 7.3671 22.1949 0.12933 0.001 *** 
 
Habitat 3 2.894 0.9645 2.9058 0.05079 0.001 *** 
 
Season*Habitat 3 1.563 0.5209 1.5692 0.02743 0.002 ** 
 












The SIMPER analysis revealed which OTUs were contributing the most to the variation of the 
assemblages among habitats on each season. The frequency of occurrence of the OTUs that contributed 
the most to the variation of assemblages, either considering all insects or only Lepidoptera is represented 
on Figure 3-14. Among these, it can be highlighted that there was only one species unique of a single 
habitat, Choroterpes picteti in riparian zones. Overall most OTUs contributing to the difference among 
habitats simply seem to have different frequencies of occurrence. Some OTUs were dominant in certain 
habitats and occur in low proportions in others, such as Watsonalla uncinula which was present in most 
cork oak woodland areas and Psychomyia sp. 1 mostly in riparian zones. Moreover, it is of notice that 
these OTUs are different in the two seasons, either for insects in general or just Lepidoptera, which was 
expectable since the two seasons presented very different species compositions. Most OTUs with high 
frequency of occurrence in riparian zones were diptera, while cork oak woodlands showed a high 
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Figure 3-14: SIMPER analysis. The two top plots represent the frequency of occurrence of the insect OTUs that contribute to 
about 10% of the variation between habitats of each season according to the results of the SIMPER analysis. The lower two 
plots represent Lepidoptera OTUs that contribute with about 20% for most of the differences recorded for each habitat. 
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3.5. Associations between traits and habitats 
Mean wingspan was positively related with cork oak and riparian habitats, and negatively related with 
olive grove habitats. Also, mean wingspan was negatively associated with July, indicating that species 
recorded in September were generally larger (Figure 3-15). Polyphagia (diet) was negatively related 
with cork oak woodland habitats, indicating that they contain more specialist species (Figure 3-15). 
There was also a positive association between polyphagy and July; whereas the inverse happened with 
detritivore species, which were more likely to occur in September (Figure 3-15). 
 
 
Figure 3-15: Visual representation of the relationship between species occurrence and their traits estimated with a binomial 









4.1. The importance of protocol testing and how the primer pair influences results 
Previous studies like the ones conducted by Elbrecht and Leese (2017) and Yu et al (2012) have 
highlighted the importance of finding adequate primer pairs i.e. those that can ideally amplify all taxa 
in a sample, as essential to improve the use of DNA metabarcoding in ecological studies53,63,95,119. More 
and more studies have focused on evaluating primer bias and the proportion of undetected taxa, showing 
that primer choice influences the accuracy of identifications up to species level95,119 and that variation 
in protocols reflect on the success of the whole process. However, few have experimentally compared 
the performance of different markers for the study of natural moth communities directly from the field. 
Here we support the importance of primer testing when passing from ‘lab-made’ communities to natural 
communities. 
From four initial primer pairs, two were discarded after the first PCR and another one after sequencing 
the two leftover primer pairs, LCO and B2. Therefore, we end up choosing to proceed using only the 
best performing primer pair B2 which allowed to identify more species. Simultaneously, it produced 
cleaner data, easier and less time consuming to analyze, and thus allowed to optimize the proportion of 
species found in relation to the time it takes to filter and blast all sequences, improving overall cost-
effectiveness. The COI barcoding primer pair BF2/BR2 has a high level of base degeneracy which 
probably helped to amplify as many insect taxa as possible95. Although it was designed for aquatic 
macroinvertebrate assessment95 it performed remarkably well in the amplification of Lepidoptera 
species, providing an overall better cost-effectiveness. One of the advantages of NGS sequencing is that 
it enables to extract massive amounts of data from each sequenced sample. However, alignment time 
increases a lot with number of sequences53, increasing the analysis’ cost and difficulty by requiring high 
performance computers. We confirmed the importance of evaluating the primers performance prior to 
mass sequencing of samples using a relatively simple protocol, avoiding unnecessary risks and expenses 
that could result from ‘blindly’ sequencing all samples in a HiSeq run. 
 
4.2. Validation of metabarcoding 
The validation of metabarcoding’s ability to recover the species contained in visually identified bulk 
samples was an important step to understand the efficiency and shortcomings of the technique. Overall, 
metabarcoding was able to detect most of the species that were also detected visually, although in some 
cases small-bodied species seemed to have gone undetected. In other cases, we were not able to reach 
species-level identification due to the lack of proper DNA references, confirming how crucial well-
curated and complete reference databases are for metabarcoding studies. Nevertheless, most of the 
mismatches seemed to be related to differences in species identity, rather than to undetected or non-
identified species. Although moth samples were identified by a specialist, this was rapidly done in the 
field, without proper set up of specimens and genitalia validation for each identification. The naked-eye 
visual identification of moths relies mostly on observation of the wing patterns and many of the 
specimens were not in ideal conditions for taxonomic identification, for instance due to wing scales 
worn off. This means that some of the visual species records might not be completely correct which 
justifies why in some cases a certain species was found using metabarcoding and a different one of the 
same genus was found in visual identification. Still, most species occurrence was detected with the two 
methods, and the PerMANOVA analysis detected no statistical differences in community composition 
between both methods, which means that metabarcoding was able to recover the species composition of 




taxonomic validation of every specimen is simply not feasible, meaning that the use of metabarcoding 
can exponentially accelerate the speed and accuracy of insect ecological studies. 
 
4.3. Extracting ecological information from molecular methods  
The developed analysis pipeline performed well in converting NGS data into ecological interpretable 
information. First, we were able to verify that sampling effort was not enough to capture total species 
richness (alpha diversity). Still, differences were detected in species richness and species composition – 
alpha and beta diversity – among different habitats across the two seasons. Alpha and beta diversity 
metrics are useful to measure diversity in a broad and efficient way63, allowing comparisons across time 
and space. Although sampling effort was below desirable, the detailed taxonomic resolution achieved 
with NGS sequence analysis still seems to compensate in producing results prone to undergo ecological 
analysis. In this case, it allowed to relate species occurrence to their traits by using an adequate statistical 
framework, but the produced data can be used in many other kinds of analysis. 
 
4.3.1. OTU richness 
Overall, metabarcoding was able to recover an outstanding number of arthropod OTUs, with 1130 OTUs 
found in the Tua Valley, of which over 400 were moths. The analysis of the cumulative curves and 
expected Hill numbers shows that the obtained OTU richness values do not reach the asymptote of the 
curves as it would be desirable. That is, the number of samples is not enough to fully describe the 
diversity of each habitat, hence subtle patterns caused by less common species might have been missed. 
Still, a high number of OTUs was identified, and the analysis of the produced data provides an overview 
of how diversity varied over seasons and habitats. 
We were able to observe that OTU richness varied with habitat with the highest average richness per 
sample recorded in olive groves in July. Olive groves are a kind of orchard, and it is not new that 
maintaining trees in the landscape generally relates to higher diversity33,120,121. Finding such high levels 
of richness in olive groves suggests that further studies could be carried on, exploring the possibility of 
designating certain zones within the PNRVT as High Nature Value Farmlands (HNVF), as lately there 
has been an attempt to define, map and conserve these important areas for biodiversity47. Thus, DNA 
metabarcoding could be used to monitor diversity in these areas and evaluate the effect of their 
protection status. 
The lowest richness values were recorded in vineyards (both seasons) and cork oak forests (July). A low 
richness in vineyards is not surprising given the human intervention that these areas are subjected to. 
Besides having none or almost no trees, most vineyards are tilled. Soil tillage eliminates not only many 
species that rely on soil for part of their life cycle, but also a considerable part of understory plant 
diversity as herbaceous and shrubs, as well as their associated insect diversity122–124. The even lower 
average richness recorded in September could relate to an even higher human impact during the 
sampling period as the dry and hot summer anticipated the start of the harvesting season. While sampling 
we noticed some of the vines had already been harvested and there was higher movement of people in 
general. 
The opposite happened in cork oak woodlands where the record of low richness in July was followed 
by a sudden increase in September. This is rather odd since there were no significant changes on riparian 
zones and olive groves with season in overall insect richness. In fact, the levels of average OTU richness 




and olive groves. This was probably caused by the great increase in Lepidoptera richness recorded for 
this habitat towards the end of summer.  
Riparian zones presented above average diversity in both months, suggesting that these areas hold 
unique features that enable a high diversity of species to prosper, such as high plant species diversity, 
including larger and older trees. Riparian zones are ecotones and by being the interface of aquatic and 
terrestrial environments125 they albergate species that are typical from one of the patches, as well as 
some that are characteristic of riparian zones themselves. Moreover, their unique dynamics are related 
to water currents, such as flood regimes and water availability even in summer126, that in Mediterranean 
regions are usually characterized by a temporary water flow, thus leading to seasonal changes in aquatic 
and terrestrial plant communities and probably insects. 
When considering only Lepidoptera OTUs, although the total number of species found in each habitat 
is similar, the average number of species per sample was higher in olive groves and cork oak woodlands 
than in the remaining habitats. This diversity is probably boosted by the presence of trees127, namely 
cork oaks and olives trees, which are typically Mediterranean and have existed there for millenia128. As 
lepidoptera are mostly herbivore, many species that rely on these trees, or associated plant species, might 
have established themselves along time. Old cork and olive trees have a variety of associated lichens on 
which some moth species feed129. Besides cork oaks and olive trees, these systems present high plant 
diversity at understory levels128,130 such as bushes and herbaceous plants that determine the presence of 
many other moth species. This type of agroforesty habitats are many times suitable for both species that 
prefer wider, open areas along with some that are typically found in forests and rely on the presence of 
trees131. 
The lower diversity of moths observed in vineyards is not surprising as this was the pattern for all insects. 
However, there was also lower diversity of Lepidoptera in riparian zones which previously presented 
high values for all insects. This suggests that most species found in these habitats belong to other orders 
and that result was confirmed by the frequency of occurrence analysis with the most frequent species 
always being Diptera. 
Seasonal effect was more marked on Lepidoptera communities where all habitats except riparian zones 
presented higher diversity towards the end of the summer, including vineyards that had lower overall 
insect richness in this season. Moreover, whereas in July only olive groves presented significantly higher 
richness than vineyards and riparian zones, in September all habitat combinations revealed significant 
richness differences, except vineyards and riparian zones that presented the lowest values. However, 
this pattern of higher richness of Lepidoptera in late summer does not match what has been found in 
other studies in central Europe, where the highest number of species is found during the warmest nights, 
usually in July113. This could either be a local pattern of the region, or a result of an atypical year with 
warmer nights later in the summer and/or other unmeasured variables, as well as stochastic events.  
Temperature in particular is well known to play a role in insect metabolism with higher temperatures 
leading to higher insect activity. This has already been described for Lepidoptera, with positive 
correlations between temperature and species richness78,132. Temperatures were abnormally high during 
all summer, which was also particularly dry. Furthermore, many other weather-related factors such as 
wind strength and direction are likely to affect low mass flying species, potentially transported by wind 
currents, even across long distances. However, these are also more unpredictable and harder to model. 
Still, it would be important to repeat the sampling in other years and check if this pattern is a result of 





4.3.2. Taxonomic distinctiveness 
Looking at diversity in different ways may provide different ecological insights. Unlike OTU richness, 
the taxonomic distinctiveness index was higher in July when considering all taxa. Therefore, those 
samples contain species taxonomically further apart, which also differ in morphology and other 
characteristics. Taxonomic distinctiveness differed according to habitat, with riparian zones presenting 
the highest values for this metric. These areas had the highest taxonomic distances within samples, 
suggesting about their high natural value. The trapping method is also specific for moths and they do 
not seem to occur in such high proportions in riparian zones according to the richness and frequency of 
occurrence results. Thus, many of the specimens gathered in theses zones were other arthropods, likely 
separated by larger taxonomic distances. 
Calculating the taxonomic distinctiveness index among samples considering only OTUs that belong to 
the same order might explain the lack of significant differences in Lepidoptera assemblages. As all 
species are taxonomically related the index is likely to produce values that are more similar among 
samples. Lepidoptera taxonomic distinctiveness differed very little between habitats (low significance) 
and contrarily to insect richness it was similar across seasons. This probably means that in September 
the communities become dominated by Lepidoptera, thus raising their average OTU richness but 
decreasing the overall taxonomic distinctiveness. 
 
4.3.3. OTU composition 
Clear separation in species composition according to season was expected as most insects, including 
moths, emerge as adults at a strict period of the year. When looking at each month separately we could 
see some habitat structuring. However, habitats that differed from others also change differently with 
season, which indicates that the singularity of a certain habitat in terms of species assemblages relies on 
the sampling period. As above-mentioned, we should consider that different weather conditions are 
likely to produce different results as it is known that temperature for instance plays a role in controlling 
most insects’ activity. This should be accounted for in all invertebrate studies as sampling period may 
influence the results, thus affecting its translation to management actions such as defining protected 
areas or protection periods. Likewise, Lepidoptera communities appear to have followed similar 
composition patterns to other insect communities, presenting strong compositional differences between 
seasons. 
When looking at the interaction of the variables (habitat and season) we can see that the most distinct 
assemblages are those occurring in riparian zones in July. It was possible to verify that the effect of 
habitat is dependent on season for all insect OTUs and Lepidoptera. We could also analyze which 
species are more likely to be responsible for the difference between habitats on both seasons and relate 
it with their frequency of occurrence. Usually, these are species that tend to appear very often in one or 
two habitats and barely show up in the others. There were almost no unique species to a certain habitat, 
although in the only case it happened was in riparian zones. It would be interesting to compare these 
results with other years as this can be a way of identifying habitat preferences for certain species. 
Moreover, by looking at the frequency of occurrence we can infer that species that tend to occur in a 
broader range of habitats are more likely to have no preference (generalists), namely those that occur in 
all habitats in this study. For example, two of the top three most frequent species in vineyards and olive 
groves are the same, pointing out the similarity between these areas again. On the other hand, the three 
most frequent species in cork oak woodlands never appear on the top three of the other habitats and are 
all Lepidoptera species, whereas in riparian zones the most frequent species are all Diptera. The presence 




scale and how patterns may differ at local and landscape level. Nevertheless, it is important to keep in 
mind that “pure” control plots are hard to define for any of these habitats in such a fragmented landscape, 
as border effects will enable species characteristic of certain habitats to wander around in the 
surrounding ones (Figure 4-1). This can be a reason why among the OTUs that are shaping the 
differences between samples revealed by the SIMPER analysis, we can find few that are unique of only 
one habitat and most of them have only differences in frequency of occurrence. Using such a 
combination of tools can be helpful for when trying to research the biology and ecology of a species of 
interest, as knowing habitat preferences is a key to keep track of species distributions. 
 
 
Figure 4-1: The fragmented landscape of PNRVT which resembles most of the Trás-os-Montes area. Border of a vineyard patch 





4.4. Into functional ecology through trait analysis 
For a more complete community ecology analysis, it becomes evermore interesting to investigate 
functional traits rather than just looking at the species occurrences in certain area. Understanding 
ecosystem functioning goes beyond knowing local species pools and integrative studies may be a key 
to better understand species relations such as those of co-occurrence, competition, and other ecological 
processes. Unfortunately, because most insect communities are understudied, and moths are not an 
exception, the information on their traits is dispersed in several sources. In Portugal there were a total 
of 2657 species of described moth species in 2016, belonging to 76 different families87. In other words, 
insect taxonomy is a nightmare when it comes to gathering all the desired information in a single 
document. Each family is often entitled to a book of their own and these books are often expensive and 
only available in libraries many times far apart from ones working place. This reflects the lack of open, 
updated and centralized access to taxonomic information on moths, which extends to insects in general, 
and highlights the need to make this information accessible. 
At a micro scale, insect communities can be quite different in short geographical distances in such way 
that on the same sampling evening, different species can be gathered in traps that are less than 1km 
away133. For example, the weather differs between valleys which is enough to find or not a certain 
species. Slight changes in temperature and humidity, together with soil, and other environmental 
variables boost the appearance of different plant, insect and other species whose ocurrence is dynamic132. 
This results in patchily, hard to assess and ever-changing distribution ranges that require continuous 
studies. In the Iberian Peninsula this information is particularly scarce. Traits, as the maximum number 
of generations per year, vary a lot with the availability of host plants that can be different between 
different geographic areas. Simultaneously, insects affect larger scale ecosystem processes as they 
participate in decomposition, pollination or they may even act as devastating plagues23. It becomes 
obvious why it is so challenging to study such communities. 
Still, by merging information from over twenty different online open sources, it was possible to collect 
several traits of the occurring species to perform the fourthth corner analysis. The occurrence of larger 
moths in both riparian and cork oak areas indicates that these naturalized habitats hold the conditions to 
host larger species, which usually require more food. Leaf miners are known to cause severe damage to 
many crop species and their occurrence was related to vineyard habitats. Detritivores species tend to 
show up more in September, which is the end of the summer and most of the vegetation is dry. Species 
with more generations/year occurred more frequently in September. It is known that July is the flight 
peak of many species, probably including many of the single generation species, thus species appearing 
in September are more likely to be those with several generations per year. Migratory behavior related 
negatively with cork oak and riparian zones. The negative relation between presence of migratory moths 
and cork oak habitats and riparian zones is a pattern that deserves further research. Cork oak trees are 
mostly grown in the Mediterranean basin128, thus species from elsewhere are unlikely to rely on them. 
These habitats might be richer in other local species that by occupying most ecological niches reduce 
the availability of natural resources as food or habitat. The presence of plant species that are uncommon 
in other areas can perhaps prevent colonization by migratory wanderers. This can also be a reason for 
why specialist feeding habits only related to cork oak woodland which also suggests good quality 
habitat, as these species are usually more demanding. By feeding on less host plants, they need to assure 
they exist in enough amounts to ensure survival and successful reproduction. Combining insect data 
with local plant diversity variables could be a way to better understand these patterns as insect and plant 






The results of this study indicate that it is possible to detect most of the species present in bulk samples 
using DNA metabarcoding. We successfully used this method to identify arthropod communities, 
focusing part of the study on Lepidoptera for practical reasons but also due to their important ecological 
functions. Although the method does not provide abundance data and it was designed to target 
Lepidoptera, its high taxonomic resolution allowed to identify differences in richness and composition 
of species assemblages between different habitats, whether for all arthropods and only the target order. 
Although sample size was not enough to fully describe the diversity in each habitat, we can still assume 
that most common species were detected. This would easily be overcome by collecting more samples 
in the following studies and would almost certainly provide a more accurate snapshot of local species 
diversity. 
Additionally, the sampling effort was unequal between habitats 22 points of each habitat type were 
sampled, except for riparian zones that are represented in a maximum of 13 sampling points; and seasons 
and the points in cork oak forest are distributed in only 8 localities, having thus a more clustered 
distribution within the landscape. Still, it was possible to verify that species occurrence relates to species 
traits that as their migratory behavior or morphological, phenological and dietary traits. These results 
demonstrate that such kind of monitoring study has potential to reveal some deeper insights into the 
relationship between species occurrence and their adaptations. Although it was possible to get a clue on 
trait selection under different habitat conditions. As species traits relate to certain ecological functions, 
the method has potential be used to predict which species are more likely to prosper in different habitats, 
enabling for example to track potential plagues or invasive species. Additionally, this kind of data has 
potential to be used in sampling in large geographical areas and to be analyzed from a geospatial 
perspective. 
Many parts of the metabarcoding process can be improved, and most potential shortcomings of this 
relatively new method should be considered as opportunities to invest and improve the methodology. 
First, it is necessary to develop better universal PCR primers, to test them and to compile this 
information in an accessible way to all users of this technique. Even more desirable would be to cut 
dependency on PCR by directly sequencing DNA extraction products which could allow to overcome 
the fact that some orders are not detected: For example, Hymenoptera tend to pass undetected when 
using fragments of the COI gene. Although there has been a growing effort to improve the quality and 
assessibility of reference data bases, there is still a large effort to be made to complete them and to link 
databases as BOLD to taxonomic assignment programs. This can be boosted by the development of 
better barcoding pipelines, namely for chimera detection and taxonomy assignment protocols as well as 
with the rapid development of new software and hardware. Ultimately, one of the key goals would be 
to find a way to obtain relevant species abundance data from sequencing output. 
Furthermore, many steps are to take in combining DNA metabarcoding with ecological research. Our 
results point out that in this context it would be interesting to further investigate the importance of the 
agroforestry mosaic for biodiversity in Mediterranean habitats. Monitoring for longer periods may 
enable to check diversity patterns throughout time (e.g. from year to year) and to identify areas where 
diversity is increasing or decreasing. It would also allow to chek if new comers/detections and the 
species that have been registered before share the same traits or if they differ. Metabarcoding can be 
used to measure and compare conservation measures in several kinds of situations, in this case as a dam 
was recently built and the area was protected, it can be used to understand the evolution of species 
assemblages. Moreover, metabarcoding produces data that is suitable to be combined with Earth 




For example, it would be interesting to use geographic information systems (GIS) to relate landscape 
variables, such as vegetaion cover or land use with species composition, instead of characterizing each 
sampling point as a simple habitat category. As the technique is used to identify whole communities it 
can be used as any other species identification method, the possibilities are endless for ecological 
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LOCALITY LATITUDE LONGITUDE SAMPLE SEASON HABITAT 
01 41.21646119 -7.439015468 IT0010 July Riparian_zone 
01 41.21646119 -7.439015468 IT0070 September Riparian_zone 
01 41.21692668 -7.439548828 IT0009 July Riparian_zone 
01 41.21692668 -7.439548828 IT0069 September Riparian_zone 
02 41.21533833 -7.440673254 IT0072 September Vineyard 
02 41.21566345 -7.441023769 IT0071 September Olive_grove 
03 41.21188769 -7.427407078 IT0007 July Vineyard 
03 41.21188769 -7.427407078 IT0073 September Vineyard 
03 41.21309655 -7.427678187 IT0008 July Olive_grove 
03 41.21309655 -7.427678187 IT0074 September Olive_grove 
04 41.20554765 -7.403392632 IT0001 July Cork_oak_woodland 
04 41.20554765 -7.403392632 IT0075 September Cork_oak_woodland 
04 41.20583082 -7.403351744 IT0002 July Cork_oak_woodland 
04 41.20583082 -7.403351744 IT0076 September Cork_oak_woodland 
05 41.22826848 -7.386477951 IT0003 July Vineyard 
05 41.228342 -7.385596 IT0077 September Vineyard 
05 41.2288898 -7.3847196 IT0004 July Olive_grove 
06 41.22667391 -7.406635946 IT0005 July Vineyard 
06 41.22667391 -7.406635946 IT0079 September Vineyard 
06 41.22681147 -7.406273896 IT0006 July Olive_grove 
06 41.22681147 -7.406273896 IT0080 September Olive_grove 
07 41.3483723 -7.305618995 IT0013 July Vineyard 
07 41.3483723 -7.305618995 IT0081 September Vineyard 
07 41.34848616 -7.305225367 IT0014 July Vineyard 
07 41.34848616 -7.305225367 IT0082 September Vineyard 
08 41.3549874 -7.296756058 IT0012 July Olive_grove 
08 41.3549874 -7.296756058 IT0084 September Olive_grove 
08 41.35568522 -7.295892738 IT0011 July Olive_grove 
08 41.35568522 -7.295892738 IT0083 September Olive_grove 
09 41.34936573 -7.289928225 IT0016 July Cork_oak_woodland 
09 41.34936573 -7.289928225 IT0086 September Cork_oak_woodland 
09 41.34994197 -7.28945322 IT0015 July Cork_oak_woodland 
09 41.34994197 -7.28945322 IT0085 September Cork_oak_woodland 
10 41.34633227 -7.279207426 IT0017 July Riparian_zone 




10 41.34704294 -7.277694907 IT0018 July Riparian_zone 
10 41.34704294 -7.277694907 IT0088 September Riparian_zone 
11 41.33188949 -7.255711574 IT0022 July Olive_grove 
11 41.33188949 -7.255711574 IT0090 September Olive_grove 
11 41.33248321 -7.255118792 IT0021 July Vineyard 
11 41.33248321 -7.255118792 IT0089 September Vineyard 
12 41.32967405 -7.240786207 IT0020 July Olive_grove 
12 41.32967405 -7.240786207 IT0092 September Olive_grove 
12 41.33064472 -7.240130774 IT0019 July Vineyard 
12 41.33064472 -7.240130774 IT0091 September Vineyard 
13 41.3135814 -7.2212788 IT0146 September Cork_oak_woodland 
13 41.313774 -7.2205704 IT0144 September Cork_oak_woodland 
13 41.3139458 -7.220831 IT0145 September Cork_oak_woodland 
13 41.314726 -7.2201841 IT0143 September Cork_oak_woodland 
13 41.315647 -7.219312 IT0024 July Cork_oak_woodland 
13 41.315647 -7.219312 IT0094 September Cork_oak_woodland 
13 41.31569963 -7.219785207 IT0023 July Cork_oak_woodland 
13 41.31569963 -7.219785207 IT0093 September Cork_oak_woodland 
14 41.32739252 -7.368112612 IT0025 July Riparian_zone 
14 41.32739252 -7.368112612 IT0095 September Riparian_zone 
14 41.32742887 -7.367688494 IT0026 July Riparian_zone 
14 41.32742887 -7.367688494 IT0096 September Riparian_zone 
15 41.33313008 -7.337704078 IT0027 July Vineyard 
15 41.33313008 -7.337704078 IT0097 September Vineyard 
15 41.33347649 -7.337398151 IT0028 July Vineyard 
15 41.33347649 -7.337398151 IT0098 September Vineyard 
16 41.3225093 -7.359209652 IT0029 July Olive_grove 
16 41.3225093 -7.359209652 IT0099 September Olive_grove 
16 41.32325647 -7.358178826 IT0030 July Olive_grove 
16 41.32325647 -7.358178826 IT0100 September Olive_grove 
17 41.28070644 -7.364140192 IT0032 July Vineyard 
17 41.28070644 -7.364140192 IT0102 September Vineyard 
17 41.28119974 -7.364093046 IT0031 July Olive_grove 
17 41.28119974 -7.364093046 IT0101 September Olive_grove 
18 41.27580092 -7.377442141 IT0034 July Vineyard 
18 41.27580092 -7.377442141 IT0104 September Vineyard 
18 41.27601447 -7.376900279 IT0035 July Vineyard 
18 41.27601447 -7.376900279 IT0105 September Vineyard 




18 41.27623074 -7.37590176 IT0103 September Olive_grove 
19 41.27872606 -7.390492147 IT0036 July Cork_oak_woodland 
19 41.27909507 -7.390965451 IT0037 July Cork_oak_woodland 
19 41.284849 -7.3871808 IT0106 September Cork_oak_woodland 
19 41.2848652 -7.3864131 IT0107 September Cork_oak_woodland 
19 41.2849521 -7.3860158 IT0139 September Cork_oak_woodland 
19 41.2851007 -7.3855968 IT0140 September Cork_oak_woodland 
20 41.4039292 -7.424184445 IT0039 July Olive_grove 
20 41.4039292 -7.424184445 IT0109 September Olive_grove 
20 41.40445381 -7.423626477 IT0038 July Vineyard 
20 41.40445381 -7.423626477 IT0108 September Vineyard 
21 41.38821113 -7.411579205 IT0040 July Vineyard 
21 41.38821113 -7.411579205 IT0110 September Vineyard 
21 41.38869375 -7.411817043 IT0041 July Olive_grove 
21 41.38869375 -7.411817043 IT0111 September Olive_grove 
22 41.35888039 -7.402107677 IT0043 July Riparian_zone 
22 41.35888039 -7.402107677 IT0113 September Riparian_zone 
22 41.35900283 -7.401794928 IT0042 July Riparian_zone 
22 41.35900283 -7.401794928 IT0112 September Riparian_zone 
23 41.34839786 -7.403592236 IT0045 July Olive_grove 
23 41.34839786 -7.403592236 IT0115 September Olive_grove 
23 41.34868012 -7.402782951 IT0044 July Olive_grove 
23 41.34868012 -7.402782951 IT0114 September Olive_grove 
24 41.34642385 -7.405332368 IT0046 July Vineyard 
24 41.34642385 -7.405332368 IT0116 September Vineyard 
24 41.34682212 -7.404242954 IT0047 July Vineyard 
24 41.34682212 -7.404242954 IT0117 September Vineyard 
25 41.28312538 -7.395625131 IT0049 July Olive_grove 
25 41.28328282 -7.395395149 IT0048 July Olive_grove 
25 41.28328282 -7.395395149 IT0118 September Olive_grove 
25 41.2838939 -7.395576842 IT0050 July Vineyard 
25 41.2838939 -7.395576842 IT0120 September Vineyard 
26 41.27951026 -7.39976681 IT0052 July Cork_oak_woodland 
26 41.27951026 -7.39976681 IT0122 September Cork_oak_woodland 
26 41.27957209 -7.399581073 IT0051 July Cork_oak_woodland 
26 41.27957209 -7.399581073 IT0121 September Cork_oak_woodland 
27 41.40645943 -7.162168639 IT0054 July Riparian_zone 
27 41.40645943 -7.162168639 IT0124 September Riparian_zone 




27 41.40692542 -7.162469497 IT0123 September Riparian_zone 
28 41.40286667 -7.165467122 IT0055 July Olive_grove 
28 41.40286667 -7.165467122 IT0125 September Olive_grove 
28 41.40287015 -7.166291163 IT0056 July Olive_grove 
28 41.40287015 -7.166291163 IT0126 September Olive_grove 
29 41.41120066 -7.17159127 IT0058 July Cork_oak_woodland 
29 41.41120066 -7.17159127 IT0128 September Cork_oak_woodland 
29 41.41158184 -7.17119856 IT0057 July Cork_oak_woodland 
29 41.41158184 -7.17119856 IT0127 September Cork_oak_woodland 
30 41.40108631 -7.160958973 IT0059 July Vineyard 
30 41.40108631 -7.160958973 IT0129 September Vineyard 
30 41.40125679 -7.160080301 IT0060 July Vineyard 
30 41.40125679 -7.160080301 IT0130 September Vineyard 
31 41.3792164 -7.207574053 IT0061 July Olive_grove 
31 41.3792164 -7.207574053 IT0131 September Olive_grove 
31 41.37927226 -7.208257517 IT0062 July Vineyard 
31 41.37927226 -7.208257517 IT0132 September Vineyard 
32 41.37348626 -7.209405207 IT0064 July Cork_oak_woodland 
32 41.37372397 -7.209455403 IT0063 July Cork_oak_woodland 
32 41.37372397 -7.209455403 IT0133 September Cork_oak_woodland 
32 41.3738223 -7.209726 IT0134 September Cork_oak_woodland 
33 41.37307806 -7.215178704 IT0066 July Olive_grove 
33 41.37307806 -7.215178704 IT0136 September Olive_grove 
33 41.37307867 -7.2145147 IT0065 July Vineyard 
33 41.37307867 -7.2145147 IT0135 September Vineyard 
34 41.38792758 -7.201763158 IT0067 July Riparian_zone 
34 41.3883003 -7.1987251 IT0137 September Riparian_zone 
34 41.38838635 -7.199995984 IT0068 July Riparian_zone 
34 41.38838635 -7.199995984 IT0138 September Riparian_zone 
35 41.2555563 -7.4149703 IT0142 September Cork_oak_woodland 












Sample codes and geographical coordinates 
SAMPLE SEASON HABITAT LATITUDE LONGITUDE 
IT0001 July Cork_oak_woodland 41.20554765 -7.403392632 
IT0002 July Cork_oak_woodland 41.20583082 -7.403351744 
IT0003 July Vineyard 41.22826848 -7.386477951 
IT0004 July Olive_grove 41.2288898 -7.3847196 
IT0005 July Vineyard 41.22667391 -7.406635946 
IT0006 July Olive_grove 41.22681147 -7.406273896 
IT0007 July Vineyard 41.21188769 -7.427407078 
IT0008 July Olive_grove 41.21309655 -7.427678187 
IT0009 July Riparian_zone 41.21692668 -7.439548828 
IT0010 July Riparian_zone 41.21646119 -7.439015468 
IT0011 July Olive_grove 41.35568522 -7.295892738 
IT0012 July Olive_grove 41.3549874 -7.296756058 
IT0013 July Vineyard 41.3483723 -7.305618995 
IT0014 July Vineyard 41.34848616 -7.305225367 
IT0015 July Cork_oak_woodland 41.34994197 -7.28945322 
IT0016 July Cork_oak_woodland 41.34936573 -7.289928225 
IT0017 July Riparian_zone 41.34633227 -7.279207426 
IT0018 July Riparian_zone 41.34704294 -7.277694907 
IT0019 July Vineyard 41.33064472 -7.240130774 
IT0020 July Olive_grove 41.32967405 -7.240786207 
IT0021 July Vineyard 41.33248321 -7.255118792 
IT0022 July Olive_grove 41.33188949 -7.255711574 
IT0023 July Cork_oak_woodland 41.31569963 -7.219785207 
IT0024 July Cork_oak_woodland 41.315647 -7.219312 
IT0025 July Riparian_zone 41.32739252 -7.368112612 
IT0026 July Riparian_zone 41.32742887 -7.367688494 
IT0027 July Vineyard 41.33313008 -7.337704078 
IT0028 July Vineyard 41.33347649 -7.337398151 
IT0029 July Olive_grove 41.3225093 -7.359209652 
IT0030 July Olive_grove 41.32325647 -7.358178826 
IT0031 July Olive_grove 41.28119974 -7.364093046 
IT0032 July Vineyard 41.28070644 -7.364140192 
IT0033 July Olive_grove 41.27623074 -7.37590176 
IT0034 July Vineyard 41.27580092 -7.377442141 




IT0036 July Cork_oak_woodland 41.27872606 -7.390492147 
IT0037 July Cork_oak_woodland 41.27909507 -7.390965451 
IT0038 July Vineyard 41.40445381 -7.423626477 
IT0039 July Olive_grove 41.4039292 -7.424184445 
IT0040 July Vineyard 41.38821113 -7.411579205 
IT0041 July Olive_grove 41.38869375 -7.411817043 
IT0042 July Riparian_zone 41.35900283 -7.401794928 
IT0043 July Riparian_zone 41.35888039 -7.402107677 
IT0044 July Olive_grove 41.34868012 -7.402782951 
IT0045 July Olive_grove 41.34839786 -7.403592236 
IT0046 July Vineyard 41.34642385 -7.405332368 
IT0047 July Vineyard 41.34682212 -7.404242954 
IT0048 July Olive_grove 41.28328282 -7.395395149 
IT0049 July Olive_grove 41.28312538 -7.395625131 
IT0050 July Vineyard 41.2838939 -7.395576842 
IT0051 July Cork_oak_woodland 41.27957209 -7.399581073 
IT0052 July Cork_oak_woodland 41.27951026 -7.39976681 
IT0053 July Riparian_zone 41.40692542 -7.162469497 
IT0054 July Riparian_zone 41.40645943 -7.162168639 
IT0055 July Olive_grove 41.40286667 -7.165467122 
IT0056 July Olive_grove 41.40287015 -7.166291163 
IT0057 July Cork_oak_woodland 41.41158184 -7.17119856 
IT0058 July Cork_oak_woodland 41.41120066 -7.17159127 
IT0059 July Vineyard 41.40108631 -7.160958973 
IT0060 July Vineyard 41.40125679 -7.160080301 
IT0061 July Olive_grove 41.3792164 -7.207574053 
IT0062 July Vineyard 41.37927226 -7.208257517 
IT0063 July Cork_oak_woodland 41.37372397 -7.209455403 
IT0064 July Cork_oak_woodland 41.37348626 -7.209405207 
IT0065 July Vineyard 41.37307867 -7.2145147 
IT0066 July Olive_grove 41.37307806 -7.215178704 
IT0067 July Riparian_zone 41.38792758 -7.201763158 
IT0068 July Riparian_zone 41.38838635 -7.199995984 
IT0069 September Riparian_zone 41.21692668 -7.439548828 
IT0070 September Riparian_zone 41.21646119 -7.439015468 
IT0071 September Olive_grove 41.21566345 -7.441023769 
IT0072 September Vineyard 41.21533833 -7.440673254 
IT0073 September Vineyard 41.21188769 -7.427407078 




IT0075 September Cork_oak_woodland 41.20554765 -7.403392632 
IT0076 September Cork_oak_woodland 41.20583082 -7.403351744 
IT0077 September Vineyard 41.228342 -7.385596 
IT0079 September Vineyard 41.22667391 -7.406635946 
IT0080 September Olive_grove 41.22681147 -7.406273896 
IT0081 September Vineyard 41.3483723 -7.305618995 
IT0082 September Vineyard 41.34848616 -7.305225367 
IT0083 September Olive_grove 41.35568522 -7.295892738 
IT0084 September Olive_grove 41.3549874 -7.296756058 
IT0085 September Cork_oak_woodland 41.34994197 -7.28945322 
IT0086 September Cork_oak_woodland 41.34936573 -7.289928225 
IT0087 September Riparian_zone 41.34633227 -7.279207426 
IT0088 September Riparian_zone 41.34704294 -7.277694907 
IT0089 September Vineyard 41.33248321 -7.255118792 
IT0090 September Olive_grove 41.33188949 -7.255711574 
IT0091 September Vineyard 41.33064472 -7.240130774 
IT0092 September Olive_grove 41.32967405 -7.240786207 
IT0093 September Cork_oak_woodland 41.31569963 -7.219785207 
IT0094 September Cork_oak_woodland 41.315647 -7.219312 
IT0095 September Riparian_zone 41.32739252 -7.368112612 
IT0096 September Riparian_zone 41.32742887 -7.367688494 
IT0097 September Vineyard 41.33313008 -7.337704078 
IT0098 September Vineyard 41.33347649 -7.337398151 
IT0099 September Olive_grove 41.3225093 -7.359209652 
IT0100 September Olive_grove 41.32325647 -7.358178826 
IT0101 September Olive_grove 41.28119974 -7.364093046 
IT0102 September Vineyard 41.28070644 -7.364140192 
IT0103 September Olive_grove 41.27623074 -7.37590176 
IT0104 September Vineyard 41.27580092 -7.377442141 
IT0105 September Vineyard 41.27601447 -7.376900279 
IT0106 September Cork_oak_woodland 41.284849 -7.3871808 
IT0107 September Cork_oak_woodland 41.2848652 -7.3864131 
IT0108 September Vineyard 41.40445381 -7.423626477 
IT0109 September Olive_grove 41.4039292 -7.424184445 
IT0110 September Vineyard 41.38821113 -7.411579205 
IT0111 September Olive_grove 41.38869375 -7.411817043 
IT0112 September Riparian_zone 41.35900283 -7.401794928 
IT0113 September Riparian_zone 41.35888039 -7.402107677 




IT0115 September Olive_grove 41.34839786 -7.403592236 
IT0116 September Vineyard 41.34642385 -7.405332368 
IT0117 September Vineyard 41.34682212 -7.404242954 
IT0118 September Olive_grove 41.28328282 -7.395395149 
IT0120 September Vineyard 41.2838939 -7.395576842 
IT0121 September Cork_oak_woodland 41.27957209 -7.399581073 
IT0122 September Cork_oak_woodland 41.27951026 -7.39976681 
IT0123 September Riparian_zone 41.40692542 -7.162469497 
IT0124 September Riparian_zone 41.40645943 -7.162168639 
IT0125 September Olive_grove 41.40286667 -7.165467122 
IT0126 September Olive_grove 41.40287015 -7.166291163 
IT0127 September Cork_oak_woodland 41.41158184 -7.17119856 
IT0128 September Cork_oak_woodland 41.41120066 -7.17159127 
IT0129 September Vineyard 41.40108631 -7.160958973 
IT0130 September Vineyard 41.40125679 -7.160080301 
IT0131 September Olive_grove 41.3792164 -7.207574053 
IT0132 September Vineyard 41.37927226 -7.208257517 
IT0133 September Cork_oak_woodland 41.37372397 -7.209455403 
IT0134 September Cork_oak_woodland 41.3738223 -7.209726 
IT0135 September Vineyard 41.37307867 -7.2145147 
IT0136 September Olive_grove 41.37307806 -7.215178704 
IT0137 September Riparian_zone 41.3883003 -7.1987251 
IT0138 September Riparian_zone 41.38838635 -7.199995984 
IT0139 September Cork_oak_woodland 41.2849521 -7.3860158 
IT0140 September Cork_oak_woodland 41.2851007 -7.3855968 
IT0141 September Cork_oak_woodland 41.2557056 -7.4145513 
IT0142 September Cork_oak_woodland 41.2555563 -7.4149703 
IT0143 September Cork_oak_woodland 41.314726 -7.2201841 
IT0144 September Cork_oak_woodland 41.313774 -7.2205704 
IT0145 September Cork_oak_woodland 41.3139458 -7.220831 












Arthropod DNA extraction from bulk samples using the E.Z.N.A.® Tissue DNA Kit 
 
Before starting: 
• Set the oven at 56ºC and place the Gordon’s and elution buffer in it; 
• Clean the working space and material with bleach and water and leave it under the UV-light on 
for at least 15 mins; 
• Use filter tips at all steps; 
• Use a negative control for each batch (23 samples); 
• If necessary, prepare Gordon’s buffer by using an appropriate protocol as guidance.  
 
Procedure: 
1. Prepare the number of 2mL tubes needed for the extraction. 
2. Distribute 1000 μL of Gordon’s lysis buffer and 25 μL of OB Protease per tube. When 
distributing the lysis buffer dispense the volume slowly and aim to the tube not your sample or 
you may risk cross contamination by dust flying out of the tube. If using a pipette dispenser set 
the dispenser speed to the lowest setting. 
3. Quickly vortex all tubes and leave it the oven for 30 minutes. 
4. While the samples are in the oven clean the working space and material with bleach and ethanol 
and prepare a cutting space with paper cloth and aluminum foil.  
5. Cut each Inhibitex tablet in 2 pieces. 
6. Turn-on the dry bath and set it at 70ºC. 
7. Per sample prepare: 
• one 2mL tube with Inhibitex; 
• one 2ml tube with 25 μL of OB Protease 
• two 1.5mL tube for both final elutions. 
8. Short-spin samples and transfer up to 700 μL of the supernatant to the tube with Inhibitex. 
9. Vortex for 1min and centrifuge for 30s at 14000rpm. 
10. Transfer up to 500 μL of the supernatant (avoid to pipette sediments or the white membrane on 
the surface) to the 2mL tube containing OB Protease. 
11. Add 200 μL of BL buffer. Vortex at maximum speed for 15 seconds and short-spin. 
12. Place the samples in the dry-bath for 10 minutes. Use this time to label the columns and, if 
using, set the vacuum system. 
13. Short-spin samples to remove condensation. 




Safe point to stop! If needed, you can put samples in the freezer (covered in aluminum foil to avoid 
contaminations). If stopping, when re-starting the protocol allow samples to come to room temperature 
for a few minutes. 
 
If using the centrifuge see steps 16 to 23. If using QIAGEN Vacuum Pump see steps 24 to 30.  
 
When using the centrifuge: 
15. Transfer up to 600 µl of supernatant to the column with a collector tube. Centrifuge at 1000rpm 
for 1 minute. 
16. Place the column in a new collection tube. 
17. Repeat step 16 and 17 if you still have volume left from step 15. 
18. Place the column in a new collection tube. Add 500 µl of HB Buffer. Centrifuge at 1000rpm for 
1 minute. 
19. Place the column in a new collection tube. Add 700 µl of DNA Wash Buffer. Centrifuge at 
1000rpm for 1 minute. 
20. Repeat previous step. 
21. Place the column in a new collection tube. Centrifuge ate 14000rpm for 2 minutes to completely 
dry the membrane.  
22. Proceed to step 30.  
 
When using the QIAvac: 
Do not forget to place a VacConnector between the QIAvac and EZNA column. 
23. Transfer up to 600 µl of supernatant to the column placed in the QIAvac 24. Repeat if necessary. 
24. Turn on the Vacuum pump. The ideal vacuum pressure should be between -80 and -90 kPa. 
25. Add 500 µl of HB Buffer. If one or more columns appears to be clogged turn off the pump when 
possible. Place the clogged column in a collector tube and centrifuge at 1000rpm for 1 minute. 
Return the column to its position in the QIAvac. 
26. Add 700 µl of DNA Wash Buffer.  
27. Repeat previous step. 
28. Allow the columns membrane to completely dry for 5 to 10 mins (depends on the room 
temperature).  






30. Transfer the column plate to 1.5mL labelled tube. Add 50 µL Elution Buffer and Incubate at 
room temperature for 5 minutes. Centrifuge at 10000 rpm for 1 minutes. This will be your 1st 
elution. 
31. Transfer the column plate to 1.5mL labelled tube. Add 50 µL Elution Buffer and Incubate at 
room temperature for 5 minutes. Centrifuge at 10000 rpm for 1 minutes. This will be your 2nd 
elution. 
 
*When enough samples have been extracted in tubes, transfer them into a plate and include this 
information in the database and in the lab book. 
*Always check the number of collector tubes available. The extraction kit only accounts for one change 
of the collector tube. However, we have a stock of those since most extractions are performed using the 
QIAGEN Vacuum Pump. 
*After using VacConnecters placed them in a bag labelled as “Used” and when the bag is full placed 
them in a used tips box with bleach 60% overnight in Cristina’s room. Replace the bleach with distilled 








Table 0-1: Dark colors indicate detection of species by one of the primers with dark brown for species detected only when 
using B2 and dark green for LCO. Lighter colors indicate the identifications for which only one of the primers allowed for an 
accurate (non-ambiguous) species level identification. 
Family B2 LCO 
Autostichidae Dysspastus fallax Dysspastus fallax  
Oegoconia quadripuncta Oegoconia quadripuncta  
Symmoca nigromaculella Symmoca nigromaculella 





Brachodidae Brachodes funebris Brachodes funebris   
Brachodes nanetta 
Coleophoridae Coleophora bilineella Coleophora bilineella  
Coleophora strigosella Coleophora strigosella 
Crambidae Agriphila geniculea Agriphila geniculea  
Agriphila latistria Agriphila latistria  
Catoptria staudingeri Catoptria staudingeri  
Eudonia mercurella Eudonia mercurella  




Nomophila noctuella Nomophila noctuella  
Xanthocrambus delicatellus 
 
Drepanidae Watsonalla uncinula Watsonalla uncinula 
  
Ochromolopis staintonellus 
Erebidae Catocala conjuncta Catocala conjuncta  
Catocala nymphagoga Catocala nymphagoga  
Coscinia cribaria Coscinia cribaria  
Cymbalophora pudica Cymbalophora pudica  
Dysgonia algira Dysgonia algira  
Eilema caniola Eilema caniola  
Eilema uniola Eilema uniola  
Eublemma parva Eublemma parva 
 
Eublemma pura Eublemma pura  






Gelechiidae Anacampsis scintillella Anacampsis scintillella  
Bryotropha dryadella Bryotropha dryadella  








Geometridae Adactylotis gesticularia Adactylotis gesticularia  
Camptogramma bilineata Camptogramma bilineata  
Crocallis elinguaria/albarracina Crocallis elinguaria/albarracina  








Eupithecia centaureata Eupithecia centaureata 
 
Eupithecia oxycedrata Eupithecia oxycedrata  
Gymnoscelis rufifasciata Gymnoscelis rufifasciata  








Idaea degeneraria Idaea degeneraria  




Idaea joannisiata Idaea joannisiata  
Idaea mustelata Idaea mustelata  




Idaea subsericeata Idaea subsericeata  




Peribatodes ilicaria Peribatodes ilicaria  








Selidosema taeniolaria Selidosema taeniolaria  
Tephronia sepiaria Tephronia sp.  
Xenochlorodes olympiaria 
 
Gracillariidae Phyllonorycter roboris 
 
Lasiocampidae Pachypasa limosa Pachypasa limosa  
Phyllodesma suberifolia Phyllodesma suberifolia  
Psilogaster loti Psilogaster loti 
Lecithoceridae Eurodachtha canigella 
 
 
Homaloxestis briantiella Homaloxestis briantiella   
Stigmella basiguttella 
Noctuidae Acronicta rumicis Acronicta rumicis  




Bryophila vandalusiae Bryophila vandalusiae  
Callopistria latreillei Callopistria latrellei  
Caradrina aspersa Caradrina aspersa  
Caradrina flavirena Caradrina flavirena/noctivaga  




Cryphia algae Cryphia algae/pallida  
Cryphia pallida Cryphia algae/pallida  
Epilecta linogrisea Epilecta linogrisea  
Euxoa tritici/obelisca Euxoa tritici  
Hoplodrina ambigua Hoplodrina ambigua  
Hoplodrina hesperica Hoplodrina hesperica  
Leucania putrescens Leucania putrescens  








Mythimna l-album Mythimna l-album  
Mythimna riparia Mythimna riparia  
Mythimna sicula Mythimna sicula  
Mythimna vitellina Mythimna vitellina  
Noctua janthe Noctua janthe  
Noctua orbona Noctua orbona  











Tyta luctuosa Tyta luctuosa 
Nolidae Meganola strigula Meganola strigula  
Nola cucullatella 
 
Notodontidae Drymonia querna Drymonia querna  
Thaumetopoea herculeana Thaumetopoea herculeana 
Oecophoridae Batia lambdella Batia lambdella  
Pleurota honorella Pleurota sp. 
Psychidae Dissoctena albidella 
 
Pterophoridae Stangeia siceliota Stangeia siceliota 
Pyralidae Acrobasis bithynella Acrobasis bithynella  
Acrobasis consociella Acrobasis consociella  
Acrobasis glaucella Acrobasis glaucella  
Alophia combustella Alophila combustella  
Ancylosis cinnamomella Ancylosis cinnamomella  
Bostra obsoletalis Bostra obsoletalis  
Elegia fallax Elegia fallax   
Ephestia parasitella  
Etiella zinckenella Etiella zinckenella  
Homoeosoma sinuella Homeosoma sinuella   
Oxybia transversella  
Pempelia palumbella Pempelia palumbella  








Stemmatophora rungsi Stemmatophora rungsi 
Tineidae Infurcitinea atrifasciella 
 
Tortricidae Cydia amplana 
 
 
Cydia fagiglandana Cydia flagiglandana  




Phalonidia contractana Phalonidia contractana   
Lobesia botrana 








Validation of DNA metabarcoding results 
Table 0-1: Lepidoptera OTUs detected using either only DNA metabarcoding but not through visual identification and the 
opposite: families detected through visual identification but not when using DNA metabarcoding. Values refer to the 
percentage of occurences of species in the twelve samples identified exclusively by metabarcoding or visual ID as well as by 
both methods. 
Family Species Metabarcoding ID Visual ID Both methods Total 
Autostichidae Apatema mediopallidum 0 1 0 1  
Autostichidae sp. 1 1 0 0 1  
Symmoca signatella 0 0 3 3 
  Symmoca sp. 1 1 0 0 1 
Brachodidae Brachodes funebris 6 0 0 6 
  Brachodes gaditana 0 6 1 7 
Crambidae Agrotera nemoralis 0 0 1 1  
Anarpia incertalis 0 0 2 2  
Catoptria pinella 0 0 2 2  
Eudonia mercurella 0 1 10 11  
Metasia sp. 1 1 0 1 2 
  Pleuroptya balteata 0 0 1 1 
Depressaridae Agonopterix atomella 1 0 0 1  
Agonopterix scopariella 1 1 2 4  
Depressaria adustatella 0 0 1 1 
  Elegia cf fallaximima 0 1 0 1 
Drepanidae Watsonalla uncinula 0 1 5 6 
Erebidae Catephia alchymista 0 0 1 1  
Catocala nymphagoga 0 0 10 10  
Dysgonia algira 0 0 1 1  
Eublemma candidana 1 0 0 1  
Eublemma parva 0 1 5 6  
Eublemma pura 0 1 4 5  
Lymantria dispar 0 0 12 12  
Ocneria rubea 0 0 1 1  
Phragmatobia fuliginosa 0 0 1 1 
  Zethes insularis 0 0 1 1 
Gelechiidae Anacampsis scintillella 2 0 0 2  
Aproaerema anthyllidella 0 0 1 1  
Aristotelia ericinella 0 1 1 2  
Epidola stigma 0 0 2 2  
Gelechiidae sp. 4 0 0 1 1  
Neofriseria hitadoella 0 1 6 7  
Neotelphusa cisti 1 0 1 2 
  Pseudotelphusa occidentella 0 0 1 1 
Geometridae Brachyglossina hispanaria 0 0 1 1  
Camptogramma bilineata 0 0 3 3  
Charissa mucidaria 0 0 1 1  
Cyclophora puppillaria 0 0 4 4  
Gymnoscelis rufifasciata 0 0 2 2  
Idaea belemiata 0 12 0 12  
Idaea circuitaria 0 0 2 2  
Idaea consanguiberica 1 0 0 1  
Idaea eugeniata 0 0 1 1  
Idaea exilaria 0 0 2 2  
Idaea infirmaria 0 1 8 9  
Idaea mustelata 0 0 7 7  
Idaea nigrolineata 0 0 1 1  
Idaea obsoletaria 7 0 1 8  
Idaea rhodogrammaria 2 0 4 6  
Menophra abruptaria 0 0 3 3  
Menophra japygiaria 0 0 1 1  
Nychiodes andalusiaria 0 0 8 8  
Phaiogramma etruscaria 0 0 2 2  
Plagodis dolabraria 0 0 1 1  
Pseudoterpna coronillaria 1 0 4 5  
Rhoptria asperaria 0 0 5 5  
Scopula marginepunctata 1 0 0 1  
Scopula submutata 0 1 0 1 









Lasiocampidae Phyllodesma suberifolia 0 0 7 7 
  Psilogaster loti 0 0 4 4 
Lecithoceridae Eurodachtha canigella 0 2 1 3 
  Lecithoceridae sp. 1 1 0 0 1 
Momphidae Mompha miscella 0 1 0 1 
Noctuidae Acontia lucida 0 0 1 1  
Bryophila ravula 1 0 0 1  
Calophasia sp. 0 1 0 1  
Caradrina aspersa 0 0 8 8  
Chloantha hyperici 1 0 0 1  
Cryphia algae 1 1 5 7  
Cryphia pallida 1 0 0 1  
Epilecta linogrisea 0 0 6 6  
Euxoa tritici 0 0 1 1  
Hecatera dysodea 0 0 1 1  
Heliothis peltigera 0 1 0 1  
Lophoterges millierei 0 0 1 1  
Noctua comes 1 0 5 6  
Noctua fimbriata 0 0 1 1  
Noctua janthe 0 1 4 5  
Noctua orbona 0 1 0 1  
Noctua tirrenica 1 0 0 1  
Nyctobrya muralis 0 0 7 7  
Paucgraphia erythrina 0 0 1 1  
Pleurota honorella 0 0 1 1  
Polyphaenis sericata 0 2 1 3 
  Tyta luctuosa 0 0 1 1 
Nolidae Meganola strigula 0 1 3 4 
Notodontidae Cerura iberica 1 0 0 1  
Harpyia milhauseri 0 0 3 3  
Spatalia argentina 0 0 1 1 
  Thaumetopoea pityocampa 0 0 1 1 
Nymphalidae Maniola jurtina 0 0 1 1 
Oecophoridae Epicallima mercedella 0 1 4 5 
  Goidanichiana jourdheuillella 0 0 1 1 
Pterophoridae Crombrugghia laetus 0 0 1 1 
  Stangeia siceliota 0 0 1 1 
Pyralidae Acrobasis glaucella 2 0 4 6  
Acrobasis sodalella 0 2 0 2  
Acrobasis tumidana 0 0 1 1  
Ancylosis cinnamomella 0 1 1 2  
Bostra obsoletalis 0 2 5 7  
Endotricha flammealis 0 0 1 1  
Etiella zinckenella 0 0 6 6  
Galleria mellonella 0 0 1 1  
Homoeosoma sinuella 0 1 1 2  
Oxybia transversella 0 1 2 3  
Pempelia palumbella 0 0 7 7  
Phycita roborella 0 0 4 4  
Pyralidae sp. 2 1 0 0 1 
  Synaphe punctalis 0 0 5 5 
Scythridae Scythris dissimilella 3 0 0 3 
  Scythris parafuscoaenea 0 4 0 4 
Tineidae Anomalotinea liguriella 0 0 2 2 
  Nemapogon agenjoi 0 0 2 2 
Tortricidae Cydia fagiglandana 0 0 12 12 
Unknown Lepidoptera sp. 10 1 0 0 1 
  Lepidoptera sp. 12 2 0 0 2 
Ypsolophidae Ypsolopha persicella 0 1 0 1 















A) Multiple comparison test results for all insects OTU richness 
Between habitats Contrast Z-ratio P-value 
 
July 
Cork_oak_woodland vs Olive_grove -5.264 <0.0001 
 Cork_oak_woodland vs Riparian_zone -3.39 0.0196 
 Cork_oak_woodland vs Vineyard -0.67 1 
 Olive_grove vs Riparian_zone 1.406 1 
 Olive_grove vs Vineyard 5.207 <0.0001 
 Riparian_zone vs Vineyard 3.065 0.0609 
 
September 
Cork_oak_woodland vs Olive_grove 0.568 1 
 Cork_oak_woodland vs Riparian_zone 1.042 1 
 Cork_oak_woodland vs Vineyard 6.903 <0.0001 
 Olive_grove vs Riparian_zone 0.547 1 
 Olive_grove vs Vineyard 6.195 <0.0001 
 Riparian_zone vs Vineyard 4.846 <0.0001 
Between seasons      
 Cork_oak_woodland July vs September -3.665 0.0069 
 Olive_grove July vs September 2.405 0.4528 
 Riparian_zone July vs September 1.08 1 
 Vineyard July vs September 3.464 0.0149 
 
 
B) Multiple comparison test results for Lepidoptera OTU richness 
Between habitats Contrast Z-ratio P-value 
 
July 
Cork_oak_woodland vs Olive_grove -1.46 1 
 Cork_oak_woodland vs Riparian_zone 2.524 0.3249 
 Cork_oak_woodland vs Vineyard 2.406 0.4519 
 Olive_grove vs Riparian_zone 4.06 0.0014 
 Olive_grove vs Vineyard 4.295 0.0005 
 Riparian_zone vs Vineyard -0.48 1 
 
September 
Cork_oak_woodland vs Olive_grove 3.59 0.0093 
 Cork_oak_woodland vs Riparian_zone 7.929 <0.0001 
 Cork_oak_woodland vs Vineyard 8.048 <0.0001 
 Olive_grove vs Riparian_zone 5.01 <0.0001 
 Olive_grove vs Vineyard 4.33 0.0004 
 Riparian_zone vs Vineyard -1.49 1 
Between seasons           
 Cork_oak_woodland July vs September -8.463 <0.0001 
 Olive_grove July vs September -4.469 0.0002 
 Riparian_zone July vs September -2.509 0.3389 






Species richness vs. taxonomic index (Delta+) 
 
Figure A-VI-1-1: Comparison of species richness with the respective taxonomic index (Delta+) for each sample and the 
respective Pearson correlation values. 
 
Appendix VII 
A) Multiple comparison test habitat effect delta+ all insect OTUs 
 Contrast Z-ratio P-value 
Between 
habitats 
Cork_oak_woodland vs Olive_grove -2.132 0.1982 
Cork_oak_woodland vs Riparian_zone -6.215 <0.0001 
Cork_oak_woodland vs Vineyard -3.78 0.0009 
Olive_grove vs Riparian_zone -4.517 <0.0001 
Olive_grove vs Vineyard -1.706 0.5286 
Riparian_zone vs Vineyard 3.095 0.0118 
 
 
B) Multiple comparison test habitat effect delta+ Lepidoptera OTUs 
  Contrast Z-ratio P-value 
Between 
habitats 
Cork_oak_woodland vs Olive_grove -0.857 1 
Cork_oak_woodland vs Riparian_zone -4.348 0.0004 
Cork_oak_woodland vs Vineyard -1.968 1 
Olive_grove vs Riparian_zone -3.91 0.0026 
Olive_grove vs Vineyard -1.243 1 
Riparian_zone vs Vineyard 2.85 0.1226 
 
 
A B 
Pearson correlation 
-0.1070291 
Pearson correlation 
-0.07037969 
